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This  report  was  prepared  for  the  Prototype  Division  of  the  Air  Force 
Flight  Dynamics  Laboratory  by  the  Los  Angeles  Aircraft  Division,  Rockwell 
International.  The  work  was  performed  as  part  of  the  STOL  tactical  aircraft 
investigation  program  under  OSAF  contract  F33615-71-C-1760,  project  643A0020. 
Daniel  E,  Fraga,  AFFDL/PTA,  was  the  Air  Force  program  manager,  and  Garland  S. 
Oates,  Jr. ,  AFFDL/PTA,  was  the  Air  Force  technical  manager.  Marshall  H.  Roe 
was  the  program  manager  for  Rockwell. 

This  investigation  was  conducted  during  the  period  from  10  June  1971 
through  9  December  1972.  This  final  report  is  published  in  six  volumes 
and  was  originally  published  as  Rockwell  report  NA-72-868.  This  report 
was  submitted  for  approval  on  9  December  1972-. 

This  technical  report  has  been  reviewed  and  is  approved. 
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Air  Force  Flight  Dynamics  Laboratory  (PTA), 
Wright  Patterson  AFB,  Oliio,  45433 


The  basic  objective  of  the  work  reported  herein  was  to  provide  a  broader 
technology  base  to  sqiport  the  development  of  a  medium  STOL  Transport  (MST)  airplane. 
This  work  was  limited  to  tho  application  of  the  externally  blown  flap  (EBP)  powored 
lift  concopt. 

Hie  technology  of  EBP  STOL  aircraft  is  been  investigated  through  analytical 
studies,  wind  tunnel  testing,  flight  simulator  testing,  and  design  trade  studies. 

The  results  obtained  include  development  of  methods,  for  the  estimation  of  the 
aerodynamic  characteristics  of  an  GBP  configuration,  STOL  performance  estimation 
methods,  safety  margins  for  takeoff  and  landing,  wind  tunnel  investigation  of  the 
effects  of  varying  GBP  system  geometry  parameters,  configuration  definition  to  • 
meet  MST  requirements,  trade  data  on  performance  and  -configuration  requirement 
variations,  flight  control  system  mechanisation  trade  data,  handling  qualities  char* 
acteristics;  piloting  procedures,  and  effects  of  applying  an  air  cushion  landing 
system  to  the  MST, 

Prom  an  overall  assessment  of  study  results,  it  is  concluded  that  the  E9P  con¬ 
cept  provides  a  practical  means  of  obtaining  StvH,  performance  for  an  1ST  with  rela¬ 
tively  low  risk. 
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ABSTRACT 

The  basic  objective  of  the  work  reported  herein  was  to  provide  a  broader 
technology  base  to  support  the  development  of  a  medium  ST Cl.  *«  ransport  -MST) 
airplane.  This  work  was  limited  to  the  application  of  the  externally  blown 
flap  (EBF)  powered  lift  concept. 

The  technology  of  EBF  -STOL  aircraft  has  been  inve  -tjg.’.tod  through 
analytical  studies,  wind  tunnel  testing,  flight  simulator  testing,  and  design 
trade  studies.  The  results  obtained  include  development  of  methods  for  the 
. ; fixation  of  the  aerodynamic  characteristics  of  an  EBF  configuration,  STOL 
-■‘•fc nuance  estimation  methods,  safety  margins  for  takeoff  and  landing .  wind 
unnel  investigation  of  the  effects  of  varying  EBF  system  geometry  ,iar< meters , 
configuration  definition  to  meet  MST  requirements,  trade  data  on  performance 
an.:  configuration  requirement  variations,  flight  control  system  mechanization 
trade  .lata,  handling  qualities  characteristics,  piloting  procedures ,  and 
effete s  of  applying  an.  air  cushion  landing  system  to  the  MST. 

i  rom  an  overall. assessment  of  study  results,  it  is  concluded  that  the 
EBF  concept  provides  a  practical  means  of  obtaining  STOL  performance  for  an 
MST  w.th  relatively  low  risk.  Some  improvement  in  EBF  performance  could  be 
achieved  with  further  development  -  primarily  wind  tunnel  testing.  Further 
work  should  be  done  on  optimization  of  flight  controls,  definition  of  flying 
qualities  requirements,  and  development  of  piloting  procedures.  Considerable 
work  must  be  done  in  the  area  of  structural  design  criteria  relative  to  the 
effects  of  engine  exhaust  impingement  on  the  wing  and  flap  structure. 

Hus  report  is  arranged  in  six  volumes: 

Volume  l  •  Configuration  Definition 

Volume  II  -  Design  Compendium 

Volume  III  -  Performance  Methods  and  Takeoff  and  landing  Rules 

Volume  IV  ■  Analysis  of  Wind  Tunnel  Data 

Volume  V  -  Flight  Control  Technology 

■.Part  *  •  Control  System  Mechanisation  Trade  studios 

'  ’  Pan.  II  -  Simulation  .Studies/Flight  Control  %»tev  x.lii.w? 

Pan  III  -  Stability  and  Control  Hcri.etMve  Acvuraec 
:  Requirements  and  Effects  of  Tgtaentat  ion  System  «* 

/Volume  VI  *  Air  Cush  ion  tending  System  Trade  Study 
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This  document,  volume  V-III,  reports,  analyzes,  and  summarizes  the 
results  of  an  aerodynamic  coefficient  variation  study  in  terms  of  coefficient 
variation  effects  on  aircraft  handling  qualities.  The  study  defines  the 
flight  control  systems  requirements,  identifies  those  coefficients  to  which 
the  flight  control  systems  are  sensitive,  the  coefficient  ranges,  and  provides 
a  basis  for  determining  coefficient  accuracy  prediction  requirements  in 
terms  of  conventional  handling  qualities  requirements. 
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Section  I 
INTRODUCTION 

There  are  many  reasons  for  conducting  a  parameter  variation  analysis. 
For  the  aerodynamic ist  it  can  be  used  as  an  aid  in  determining  the  accuracy 
with  which  an  aerodynamic  derivative  must  be  defined,  or  in  the  design 
phase,  it  can  be  used  to  determine  what  effect  configuration  changes  may 
have  on  the  handling  qualities  of  the  aircraft.  For  the  flight  control 
engineer  it  can  be  used  as  an  aid  in  designing  augmentation  systems  by 
understanding  how  each  aerodynamic  derivative  affects  the  flying  qua¬ 
lities,  and  what  sort  of  augmentation  is  required  to  provide  satisfactory 
response  characteristics  with  changes  in  thb  aerodynamic  derivatives. 

The  purpose  of  this  study  included  all  of  these  to  a  greater  or 
lesser  degree.  In  particular,  the  objectives  of  this  study  were: 

(1)  The  identification  of  coefficients  to  which  the  flight  control  sys¬ 
tem  design  is  sensitive  and  their  ranges,  (2)  provision  of  a  basis  for 
determining  coefficient  accuracy  prediction  requirements  in  terms  of  the 
flying  qualities  requirements  of  Reference  (1)  and  (3)  definition  of 

allowable  limits  on  coefficient  accuracy  prediction  requirements  if 
possible.  These  objectives  were  to  consider  any  flying  qualities 
requirements  deemed  necessary  to  provide  adequate  piloted  handling 
qualities.  The  requirements  of  Reference  (1)  and,  where  applicable, 
Reference  (2)  were  given  primary  consideration. 

This  study  was  undertaken  for  an  externally  blown  flap  MST  aircraft 
operating  in  the  STOL  flight  regime.  Variation  ranges  for  the  individual 
stability  and  control  derivatives  were  selected  to  cover  a  spectrum  broad 
enough  to  encompass  typical  variations  encountered  in  the  basepoint 
vehicle  and  other  similar  designs.  They  were  also  selected  to  assure 
that  sufficient  variation  existed  to  achieve  the  stated  study  objectives. 


Section  II  ■ 
DISCUSSION  .- 


FLYING  QUALITIES  REQUIREMENTS. 


The  Level  1  flying  qualities  requirements  adhered  to  in  this  re¬ 
port  are  those  found  in  Reference  (1).  In  the  presentation  of  the  data, 
Level  1  requirements  are  indicated  for  the  fully  augmented  configuration 
and  Levels  2  or  3  where  applicable  for  the  unaugmented  lateral -directional 
axis.  In  the  longitudinal  axis  data,  level  1  requirements  are  used 
exclusively  for  presentation  of  augmented  and  Levels  2  IFR  and  3  for 
the  unaugmented  coefficient  variation  data. 


SELECTION  OF  BASELINE  FLIGHT  CONDITION 

The  baseline  flight  condition  selected  for  tire  parameter  variation 
study  is  a  heavy  weight,  full  thrust  takeoff  at  an  hitormediate  STOL- 
operation  flap  setting  of  46  degrees.  Selection  of  this  condition  as  a 
baseline  for  parameter  variations  was  based  on  stability  .considerations. 
At  low  speeds  and  low  flap  angles,  the  unaugmented  vehicle  exhibits  a 
slight  longitudinal  static  instability  (positive  M<x  )•  As  flap  angles 
are  increased,  longitudinal  stability  increases  but  dutch -roll  damping 
decreases  to  the  point  of  being  slightly  unstable  at  a  flap  setting  of 
65  degrees..  In  order  to  select  a  baseline  condition  representative  of 
both  these  extremes  the  46-degree  flap  setting  case  was  selected  at  the 
lower  end  of  the  STOL  speed  regime.  The  low  end  of  the  STOL  speed  regime 
was  utilized  since  this  represents  an  area  in  which  the  phugoid  mode  is 
neutrally  damped. 


For  the  lateral -directional  study,  initial  trim. was  taken  _ 
velocity  of  120  feet/second,  angle  of  attack  of  5.03  degrees,  glide* -lope 
angle  of  9.42  degrees,  and  initial  horizontal  stabiliser  deflection  of 
-4.78  degrees. 


For  the  longitudinal  coefficient  analysis,  steady-state  values  for 
velocity,  angle  of  attack,  gi ideslope  angle,  and  horizontal  stabilizer 
deflection  following  a  nose  down  column  step  input  from  trim  were  used 


computing  longitudinal  coefficients. 


The  choice  of  steady  state  values 


in 


over  initial  trim  values  was  found  necessary  to  permit  correlation  between 
time  history  data  from  the  6  DOF  digital  simulation  program  with  the 
3  DOF  linear  longitudinal  matrix.  Difficulty  in  achieving  correlation 
with  trim  data  resulted  from  the  slight  longitudinal  static  instability 


which  exists  at  the  trim  condition  selected. 


Baseline  lateral -directional  and  longitudinal  coefficient  values 
are  shown  in  Tables  I  and  II  respectively.  Ail  aerodynamic  coefficient 
values  are  for  a  'ody  axis  system. 
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TABLE  I 


BASELINE  LATERAL-DIRECTIONAL  COEFFICIENT  VALUES 


Lp 

^-0. 6554378 

Np  =  0.07033949 

Lr 

-  0.9967363 

Nr  =  -0.2321458 

h* 

=-0.742025 

N^  =  0.328146 

L8a 

=  0.0090133 

NSa  =  0.000183151 

L$r 

=  0.488395 

Ngr  =  -0.554542 

(v/g)^j 

=-0.3615 

(V/g)Yr 

=  0.089609 

(v/g)  % 

=  0.23295 

TABLE  II 

BASELINE  LONGITUDINAL  COEFFICIENT  VALUES 

Zv 

»  -0.002188 

My  =  0.0006487  | 

Vo 

=  -0.4752 

Ma  *  -0.0182 

Vo 

hn 

=  -0.08115 

M*  *  -0.31195  ' 

v0 

-So 

*  -0.088456 

Mq  «  -0.63008 

Vo 

Xv 

«  -0.0328? 

MSh  -  “1.-0682 

Baseline  augmentation  for.  both -the  lateral -directional  and  longi- 
tudinal  inodes  were  defined  by  root  locus  -techniques .  Block  diagrams  for 
roll,  y ay,  and  picch  augmentation  and  control  systems  are  shown  in 
Figures  1  through  3,  With -these  systems  and  the  baseline  aircraft  all 
Level  1  longitudinal  requirements  were  satisfied.  Only  one  lateral- 
directional  requirement  was  not  satisfied  with  the  baseline  augmentation 
operative.  Both  tne  basic  and' augmented  craft  were  incapable  of  achiev¬ 
ing  a  heading  angle  change  of  6  degrees  within  one  second  following  a 
full  yaw  control' command  as  required  in  Reference  (1). 

Throughout  the  following  report,  Level  1 . requirements  on  yaw  control 
power,  ,  are  considered  presently  unattainable  except  in  terms  of 
increased  rudder  size,  and  as  a  result,” the  baseline  flight  condition 
used  in  this  study,  either  augmented  or  unaugmented,  does  not  meet  this 
requirement.  However,  as  a  result  of  this  study  a  mechanization  concept 
has  evolved  for  the  augmented  vehicle  which  appears  to  offer  a  partial 
solution  to  meeting  *his  requirement  on  the  basis  of  the  analysis  con¬ 
ducted  thus  far.  This  concept  is  more  fully  discussed  in  Appendix  IV. 

SELECTION  OF  COEFFICIENT  VARIATION  RANGES 

Gross  ranges  were  selected  in  both  the  lateral -directional  and 
longitudinal  parameter  variation  analyses  to  permit  identification  of 
coefficients  to  which  the  PCS  is  sensitive  and  to  identify  critical 
-parameters  in  the  STOL  flight  regime.  Wherever  practical,  both  po,\ itive 
and  negative  coefficient  values  were  investigated.  Gross  changes  for 
each  parameter  are  shown  in  Table  III. 

TECHNICAL  APPROACH 

The  following  is  a  description  of  tie  methods  used  in  this  study  to 
accumulate  desired  data  and  define  satisfactory  aircraft  control  systems. 

SIX-DEGREE-oi'  -  FREEDOM  DIGITAL  SIMUif'TION  PROGRAM 

In  order  to  obtain  time  history  data  a  6  DOE  digital  simulation  pro¬ 
gram  was  used.  A  flow  diagram  describing  this  program  is  shown  in 
Figure  4.  A  computer  printout  of  this  program  can  be  found  in  Reference 
(3).  Time  history  data  from  the  4  DOF  program  enabled  measurement  of 

f30»  *  l&/$i  d,  and  capability  of  the  aircraft  to 

achieve  stall  angle  of  attack  from  trim.  The  6  DOF  program  was  also  used 
to  verify  the  3  DOF  linear  matrix  results  for  small  perturbatio  n  from 
trim,  and  to  extract  the  dimens ionali zed  lateral -directional  and 
longitudinal  aerodynamic  derivatives  for  the  baseline  flight  condition. 


Figure  2.  Baselim  Yaw  Control  an-.  Augmentation  System 


Figure  3.  ik.se lino  longitudinal  Axis  Control  and  .Augmentation  System 
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TABLE  III 


RANGE  OF  COEFFICIENT  VALUES  FOR  PARAMETER  VARIATION  STUDY 


COEFFICIENT 

LOWER  LIMIT 

BASELINE 

UPPER  LIMIT 

IjP 

-3.2770 

-0.6554 

-0.1311 

Lr 

0.1993 

0.9967 

4.9835 

h 

-3.710 

-0.7420 

2.226 

L4a 

0.001803 

0.009013  j 

'  0.0451 

Llr 

-1.4652 

0.4884  | 

2.442 

Np 

-0.3517 

0.07034  J 

0.3517 

Nr 

-1.1605 

0.2321 

-0.046^2 

0.06562 

0.3281 

1.640S 

N#a 

N#r 

2v 

2« 

Z*H 

^4e 

Xv 

Xo 

X4„ 

Mv 

M« 

M* 


m*« 

m. 


-0.0005496 
-2.7725 
-2.768 
-300.540 
-SI. 325 
-55.944 
-0.3287 
-29.455 
-9.158 
-0.006487 
-4.0 
-1.5598 
-6.3008 
-6.034 
-6.577 
-1,810 
0,0466 


0.0001832 

-0.5545 

-0.2768 

-60.108 

-10.265 

-11.1888 

-0.03287 

5.891 

-1.8316 

0.0006487 

-0,0182 

-0.31195 

-0.63008 

-1.2068 

-1.3154 

-0.3615 

*6,2330 


0.000916 

-0.1109 
0.0 
0.0 
0.0 
0.0 
0. 1644 

29.455 

0.0 

0.006487 

0,182 

1.5598 

0.0 

0.0 

0.0 

-0.0722 

1,165 
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THREE-DEGREE-OF-FREEDCM  LINEAR  MATRICES 

Two  3  DOF  linear  matrices  were  developed  for  computing  lateral - 
directional  and  longitudinal  basic  and  augmented  aircraft  transfer 
functions.  The  small  angle  approximations  utilized  for  these  matrices 
were  defined  for  low  speed  flight  and  give  excellent  correlation  with 
small  perturbation  angles.  Correlation  of  the  6  DOF  digital  simulation 
program  with  the  3  DOF  lateral -directional  matrix  was  shown  for  the 
damped  dutch  roll  frequency,  damping  ratio,  roll  time  constant  and 
spiral  mode  time  constant,  and  with  the  3  DOF  longitudinal  matrix  for 
damped  phugoid  frequency,  phugoid  damping,  and  short  period  time  constant. 

Data  obtained  from  the  two  3  DOF  linear  matrices  were  (J  , 
tO'hp,  ,  1®  ,  1«  ,  id-nt,  •  £sp»  and  Both  matrices  were 

also  utilized  in  defining  augmentation  systems  for  the  parameter  varia¬ 
tion  study..  The  3  DOF  lateral -directional  matrix  is  shown  in  Figure  5 
and  the  3  DOF  longitudinal  matrix  in  Figure  6.  The  3  DOF  lateral - 
directional  arid  longitudinal  force  and  moment  equations  are  shown  in 
Figures  7  and  ». 

ANALYTICAL  A’.  FROACHES  FOR  DEFINITION  OF  AUGMENTATION  SYSTEMS 
Root  Locus  Method 

Root  locus  methods  were  used  in  defining  both  the  lateral -directional 
and  longitudinal  baseline  augmentation  systems. 

For  coefficient  variations  with  the  augmented  aircraft,  the  root 
locus  method  was  especially  useful  in  the  longitudinal  mode  analvsis  where 
augmentation  involved  only  one  control  surface.  In  the  lateral -directional 
mode  where  two  control  surfaces  are  augmented,  the  rudder  and  the 
ailerons,  root  locus  techniques  become  time  consuming  and  when  applicable 
a  more  practical  approach  was  synthesized.  Complete  analysis  of  this  mode 
using  root  loci  techniques  is  much  more  difficult  to  conduct  than  the 
longitudinal  mode  because  of  the  inter-axis  coupling  between  the  roll  and 
yaw  augmentation  systems.  In  general,  a  number  of  different  methods 
for  defining  augmentation  systems  were  pursued  in  the  lateral -directional 
parameter  variation  analysis. 


Method  of 


Mode  Time  Constant 


Generally,  it  is  desirable  to  have  a  spiral  mode  time  constant  that 
is  very  large  (  l/Ts  =>0.0).  If  we  arbitrarily  set  i/iyto  zero,  then  the 
denominator  of  the  lateral -directional  transfer  function  takes  the  form: 
s  (s  *l/%)  (s2  *(2$d  u)>id)s  ♦  UiTy,2).  We  note  here  that  the  term  1/1$ 
is  zero.  This  fact  can  be  utilized  along  with  the  linear  3  DOF  lateral - 
directional  matrix  to  obtain  an  equation  that  can  be  solved  for  a  feed¬ 
back  gain  that  will  make  1/1$  approximately  zero.  An  appropriate  gain 
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Figure  5.  3  DOF  Lateral -Directional  Matrix  Witlr  Augmentation 
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Figure  t>.  3  LX)F  Longitudinal  Matrix  With  Augmentation 
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Figure  7.  3  DOF  Body  Axis  Lateral-Directional  Equations 
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Figure  8.  3  DOF  Body  Axis  Longitudinal  Equations 
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equation  can  be  established  by  taking  the  determinant  of  the  constant 
terms  for  the  augmented  version  of  Figure  5,  and  setting  it  equal  to  zero. 
A  numerical  example  of  this  technique  is  given  in  Appendix  I  of  this 
report.  . 

Determination  of  Augmentation  Through  Simultaneous  Solution  of  Aerodynamic 
Coefficients  ‘  ‘ 


[;■  Once  a  baseline  augmentation  system  has  been  defined,  a  simpler 

?.  method  of  determining  a  satisfactory  augmentation  system  than  root  locus 

5;  analysis  is  through  simultaneous  solution  of  aerodynamic  coefficients. 

I  In  essence,  this  method  utilizes  the  fact  that  baseline  augmentation  pro¬ 
s'  vides  satisfactory  responses  for  the  baseline  aircraft.  Whenever  a  yaw- 

l  ing  moment  or  rolling  moment  coefficient  is  varied,  compensation  is  pro- 

I  vided  by  adding  augmentation  to  both  the  roll  and  yaw  augmentation  systems 

f  so  that  the  dynamic  response  to  varied  coefficients  with  augmentation  is 

l  effectively  the  same  as  the  baseline.  A  numerical  example  of  this 

i  technique  is  given  in  Appendix  II  of  this  report. 

DEFINITION  OF  TERMS  APPLICABLE  TO  COEFFICIENT  PREDICTION  ACCURACY  REQUIRE¬ 
MENTS  AND  FLIGHT  CONTROL  SYSTEM  SENSITIVITY 

In  order  to  realize  study  results  sufficiently  general  to  permit 
comparison  of  these  data  with  those  of  other  flight  conditions  and  even 
other  STOL  configurations,  the  data  were  plotted  in  a  normalized  manner 
with  respect  to  the  aerodynamic  coefficients.  Additionally,  a  number  of 
terms  were  defined  in  relation  to  the  plotted  data  which  permit  identifica¬ 
tion  of  design  guides  for  coefficient  prediction  techniques  and  defini¬ 
tion  of  coefficient  and  FCS  sensitivities.  These  terms  are  identified 
for  the  general  case  in  Figure  S. 
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Flying  Qualities  Parameter  (P) 

Any  of  the  flying  qualities  parameters  analyzed  in  this  study, 
such  asTR,  1/7*5,  3 sp>  u)nd>&sc/ft*  etc. 

Minimum  Flying  Qualities  Performance  Level  Pp^o’) 

This  parameter  can  be  either  Level  1,  2,  or  3  of  Reference  (1)  and 
is  expressed  in  the  same  units  as  the  flying  qualities  parameter  being 
analyzed.  It  can  also  be  selected  as  a  desired  design  goal,  including 
but  not  limited  to  the  requirements  of  Reference  (1). 

Baseline  Value  (BL) 


Used  as  a  subscript  this  refers  to  the  baseline  augmented  or  unaug¬ 
mented  value  of  either  the  flying  qualities  parameter  or  an  aerodynamic 
coefficient. 
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Prediction  Accuracy  and  FCS  Sensitivity 


The  baseline  flying  qualities  parameter  (PBL)  minus  the  minimum 
flying  qualities  requirement  (P^hq-j  divided  by  Pm .  Ic  defines  the 
position  of  the  baseline  configuration  level  with  respect  to  an 
appropriate  H.Q.  requirement. 

General  Aerodynamic  Coefficient  (*>[)  ' 


This  can  be  any  dimensional ized  force  or  moment  aerodynamic 
coefficient  such  as  Mq,  My,  ZffJ  Lp,  N4,  Y$r,  etc. 

Aerodynamic  Coefficient  Design  Margin  or  Gain  Margin  (PMC) 

This  parameter  is  the  baseline  coefficient  value  minus  the  coefficient 
value  at  which  the  flying  qualities  (P)  meets  the  minimum  flying 
qualities  requirement  (MHO)  divided  by  the  baseline  coefficient.  It 
defines  the  direction  of  variation  occurring  in  a  given  coefficient  and 
represents  the  margin  of  the  baseline  coefficient  above  or  below  a  given 
MHQ  requirement.  In  an  augmentation  loop  this  parameter  becomes  a  func¬ 
tion  of  some  gain  or  gain  combination.  In  this  case  it  is  referred  to 
as  a  gain  margin. 


Tnis  parameter  defines  the  rate  of  change  of  the  normalized  H.Q. 
parameter  under  study  with  respect  to  the  normalized  baseline  coefficient 
being  varied.  'Ihe  sign  indicates  the  direction  of  the  .sensitivity  about 
the  baseline  point.  Typically  it  represents  the  average  slope  of  a 
+SQ  percent  coefficient  variation  about  the  baseline  value. 


Predictiur 


xecurac 


This  parameter  represents  the  actual  aerodynamic  coefficient  pre¬ 
diction  accuracy  and  varies  with  the  methods  utilized  for  predicting 
coefficient  values  as  well  as  the  type  of  coefficient,  'ihe  guideline 
presented  here  permits  defining  a  coefficient  value  which  yields  a  design 
margin  (IM!)  equal  to  PA  and  minimizes  over  or  under  design  while  still 
assuring  that  the  minimum  performance  level  will  be  met . 

Required  Prediction  Accuracy  (RPA) 

This  parameter  as  shown  in  Figure  9  represents  a  linearized  predicted 
accuracy  required  to  meet  the  desired  MHQ. 

um  »lai~  1 


For  a  given  baseline  airplane  configuration  setting  the  RPA  equal  to  the 
PA  for  a  given  coefficient  provides  assurance  that  minimum  handling 
qualities  parameters  will  he  satisfied. 
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COEFFICIENT  PREDICTION  ACCURACY  REQUIREMENTS 


Examination  of  the  generalized  case  shown  in  Figure  9  indicates  that 
coefficient  prediction  accuracy  requirements  expressed  in  terms  of  H.Q. 
requirements  depend  not  only  on  the  sensitivity  of  H.Q.  parameters  to 
coefficient  values  but  also  on  the  predicted  H.Q.  parameter  value  for 
the  baseline  case  in  relation  to  the  minimum  performance  level  desired. 


Thus  it  follows,  that  over  or  under  design  in  terms  of  H.Q.  parameters 
can  be  minimized  if  realistic  guidelines  can  be  determined  which  assure 
desired  flying  qualities  performance  levels  and  take  into  account 
coefficient  prediction  accuracies.  The  guidelines  presented  here  provide  j 

this  assurance.  f 

) 

As  the  data  of  Figure  9  indicated,  a  linear  relationship  can  be  j 

defined  which  closely  approximates  the  effect  on  flying  qualities  para-  j 

meters  due  to  variations  in  aerodynamic  coefficients.  For  the  general 
case  shown  this  can  be  expressed  by: 


=  ±  SfrNS^fRPA) 


AP  =  3aLlBsg»  ^  ±  SENS 

H8L 


V  V 

^BL 


This  equation  defines  the  flying  qualities  design  margin  in  terms 
of  its  sensitivity  and  the  predicted  accuracy  of  the  coefficient.  The 
sign  associated  with  the  right  hand  side  of  this  equation  is  taken  as 
positive  if  the  aerodynamic  coefficient  is  positive.  For  negative 
coefficients  the  sign  is  negative.  As  is  typical  of  linear  representa¬ 
tions  for  non-linear  functions,  this  equation  yields  the  most  accurate 
results  for  small  increments  about  a  basepoint.  It  also  provides  very 
good  results  for  parameter  variations  of  100  percent  or  more  if  the  . 
sensitivities  utilized  for  these  computations  are  obtained  directly  from 
the  data  contained  in  this  report  at  the  predicted  accuracy. 

fhe  flexibility  of  this  relation  suggests  two  possible  approaches  for 
relating  coefficient  prediction  accuracies  to  flying  qualities.  These 
are  described  below. 

Required  Prediction  Accuracy  Concept 

For  the  general  case  in  which  the  prediction  accuracy  requirements 
are  to  be  defined,  this  equation  is  used  in  the  following  form.  In  this 
form  the  sensitivity,  the  baseline  parameter  value,  and  the  minimum 
flying  qualities  requrejnent  are  used  to  define  coefficient  accuracies 
which  must  he  achieved  to  satisfy  the  flying  qualities  requirement. 


RPA  « 
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For  the  specific  case,  such  as  that  of  finding  the  prediction  accuracy 
requirement  for  N^  and  Lp  in  terms  of  \&fi/<pi\  and  Tp  respectively,  this 
equation  becomes,  -  •  • 


RFA 


ty"  5ENS^  (a^/0<)Bi. 


api  .  j _  ( TRiBL^VTRjMHp 

RpALp-  SENSLp  CTr)bl 

Expressed  in  this  form,  the  required  prediction  accuracy  can  be 
determined  for  the  more  critical  coefficients  and  flying  qualities. 

These  are  compared  with  anticipated  coefficient  prediction  accuracies  to 
determine  areas  where  the  minimum  flying  qualities  may  not  be  achieved. 

A  situation  of  this  type  could  occur  if  the  baseline  were  selected  so 
that  this  equation  yields  an  accuracy  requirement  of  20  percent  but  the 
anticipated  prediction  accuracy  of  the  technique  used'  to  derive  the 
coefficient  of  interest  is  only  50  percent. 

This  guideline  is  most  useful  for  refining  a  given  configuration 
from  its  baseline  value. 


A  more  direct  approach  and  one  which  should  certainly  prove  more 
useful  in  defining  other  but  similar  baseline  STOL  configurations  is 
obtained  by  solving  for  the  required  design  margin. 

AP  ■  SENS.^  £  PA  j 

Expressed  in  this  manner  the  equation  defines  the  flying  qualities 
design  margin  which  should  be  maintained  to  satisfy  a  given  coefficient 
prediction  accuracy.  The  independent  variables  of  this  equation  are  the 
sensitivity  of  the  flying  qualities  parameter  to  this  coefficient  and 
the  actual  prediction  accuracy.  Since  coefficient  prediction  accuracies 
vary  with  the  methods  used  in  their  prediction  and  the  type  of  coefficient, 
initial  baseline  coefficients  (or  augmentation  systems)  can  be  defined 
winch  yield  flying  quality  margins  adequate  to  assure  satisfactory 
operation.  For  ih?  specific  cases  of  mid  hp  this  approach  yields 
equations  in  the  following  form,  where  PAj^g  and  PALp  are  anticipated 


derivation .accuracies  for  these  coefficients . 


This  approach  is  most  useful  in  defining  design  margins  for  flying 
qualities  parameters  which  should  be  maintained  for  the  more  critical 
coefficients.  > 


18 


Section  III 


STUDY  RESULTS 


All  of  the  major  aerodynamic  coefficients  were  varied  in  the  six- 
degree  -of  -freedom  MSI  model.  This  section  identifies  the  results  of 
these  parameter  variations  in  terms  of  their  effects  on  flying  qua¬ 
lities  requirements,  control  systems  sensitivities,  and  coefficient 
prediction  accuracy  requirements. 


To  facilitate  use  of  these  data  by  the  reader  interested  in  only  a 
limited  number  of  coefficients,'  the  data  are  grouped  in  terms  of  their 
equations.  For  instance,  to  find  the  effect  of  variations  in  Z*  one 
would  go  to  the  Longitudinal  Parameter  Variation  Data  Section,  This 
section  discusses  axial  force,  normal  force  and  pitching  moment 
coefficients.  The  results  for  variations  in  Z*  will  be  found  in  the 
subsection  entitled  Nonna!  Force  Coefficients. 


LATERAL-DIRECTIONAL  PARAMETER  VARIATION  DATA 


The  maximum  and  minimum  coefficient  range  selections  in  the  follow¬ 
ing  data  represent  gross  changes.  These  were  selected  to  permit  investiga¬ 
tion  of  two  separate  and  distinct  areas.  The  first,  that  of  determining 
flight  control  system  sensitivity,  and  the  second,  to  assist  in  establish¬ 
ing  coefficient  accuracy  prediction  requirements.  In  terms  of  coefficient 
variation  magnitudes  these  two  areas  at  times  vary  significantly,  and  as 
a  result,  the  gross  variation  ranges  selected  are  based  on  the  objective 
requiring  the  largest,  coefficient  variation. 


In  plotting  the  lateral -directional  response  of  the  ah  craft,  an 
additional  response  requirement  other  titan  those  specified  in  Reference 
(1)  was  analyzed.  Experience  has  shown  that  ^/u)-0as  previously  speci¬ 
fied  in  Reference  (2)  is  a  useful  design  guide  in  predicting  the 
oscillatory  behavior  of  the  dutch  roll  response  following  a  roll  control 
command. 


In  plotting  the  spiral  mode  time  constant  response,  ’/Vs,  was  plotted 
to  avoid  the  necessity  of  plotting  infinite  values  for  Ts. 

The  reason  that  l/rs  was  plotted  rather  than  T2  (time  to  double 
amplitude)  as  defined  in  Reference  1,  is  that  l/rrs  was  uvm  liable 
directly  from  the  3  DOF  transfer  functions.  Because  of  the  large 
number  of  data  points  taken  during  this  study  it  was  more  con 
venient  to  convert  the  requirements  on  IT  into  requirements  for 
l/rs  and  plot  the  values  for  1/Vs.  The  time  to  double  amplitude 
is  related  to  the  spiral  mode  time  constant  by  the  rolat ion  T? 
a  rs  In  2,0.  Definitions  of  the  symbols  used  in  plotting  the*" 
lateral -directional  parameter  variation  data  are  shown  in  Table  lv. 
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TABLE  IV 

Lateral -Directional  Parameter  Variation  Data  Symbology 
O  Basic  A/C,  Baseline,  Lp,  Np 
□  Basic  A/C,  Lr,  Nr,  Yr 
O  Basic  A/C,  Lg,  N^,  Y q 
<J  Basic  A/C,  Lga,  N$a 
>  Basic  A/C,  L$r>  N^,  Y£r 
-0.  Augmented  A/C, Baseline,  Lp,  Np 
-0-  Augmented  A/C,  Lr,  Nr,  Yr 
-0-  Augmented  A/C,  L^,  %,  Y^ 

-4-  Augmented  A/C,  Lga,  N$a 
Augmented  A/C,  L$r,  Ngr,  Y$r 
ROLLING  MOMENT  COEFFICIENTS 

The  effects  of  variation  of  the  rolling  moment  coefficients  are 
plotted  in  Figures  10  through  16  for  Ts,  Tp,k>nd,  3  d>  t>  and 

t30-  Hie  effects  of  variation  in  the  rolling  moment  coefficients  on 

I  and  ***¥&),  are  shown  in  Fi gvre~  37 
through  19.  In  ail  cases,  both  the  basic  aircraft  and  augmented  aircraft 
responses  are  plotted.  If  baseline  augmentation  is  insufficient  to  pro- 
vide  Level  1  response  characteristics,  revised  augmentation  responses 
are  plotted  instead.  transfer  functions  for  the  basic,  baseline 

augmonted,  and  revised  augmented  aircraft  are  given  in  Appendix  III  for 
all  rolling  moment  coefficient  variations  analyzed. 

Lp;  Baseline  Value  «  -0.65S 

Variation  in  Lp,  the  roll  damping  term,  indicates  primary  influence 
of  the  coefficient  upon  the  dutch  roll  damping,  roll  time  constant,  and 
roll  control  effectiveness.  Increasing  negative  values  of  Lp  tend  to 
increase  3d»  whereas,  small  values  mav  cause  7 ^  to  go  unstable.  Al¬ 
though  large  values  of  Lp  improve  dutch  roll  damping  and  roll  timb  constant 
responses,  they  tend  to  reduce  roll  control  effectiveness.  Values  of  Lp 
greater  than  3.65  times  the  baseline  value  fail  to  meet  Level  1  require¬ 
ments  on  t3Q  for  the  unaugmented  aircraft.  Values  of  Lp  less  than  0.25 
times  the  baseline  have  an  unstable  dutch  roll  damping,  and  values  less 
than  0.6S  times  the  baseline  fail  Level  1  requirements  on  the  roll  time 
constant. 
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Figure  13,  Uffect  of  tolling  ;tonent  Coefficient  Variation  on 
Dutch  toll  Damping 


Figure  14.  Effect  of  Rolling  Moment  Coefficient  Variation  on 
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Figure:  18*  Effect  of  Rolling  Moment  Coefficient  Variation  onU¥»: 


With  baseline  augmentation  operative  the  smallest,  value  of  Lp 
analyzed,  0.2  times  the  baseline  value,  satisfied  all  Level  1  response 
requirements.  With  augmentation  on  and  a  gross  change  of  S.O  times  the 
baseline  Lp,  the  response  failed  to  meet  Level  1  requirements  on  the  spiral 
mode  time  constant  and  roll  control  effectiveness.  To  satisfy  Level  1 
requirements  on  the  spiral  mode  time  constant  only  a  simple  adjustment 
on  the  yaw  rate  feedback  gain  in  the  roll  '.augmentation  was  required.  To 
improve  roll  control  effectiveness  with  a  large  roll  damping  term,  a 
wheel  coupling  into  yaw  augmentation  mechanization  similar  to  the  rudder 
coupling  into  roll  analyzed  for  the  baseline  case  was  investigated.  A 
detailed  analysis  of  this  augmentation  technique  is  given  .in  Appendix  IV. 
Results  indicate  that  no  augmentation  can  be  defined  which  will  increase 
roll  control  power  sufficiently  to  meet  Level  1  requirements  for  t3o 
for  the  5  Lp  case,  although  significant  improvement  over  the  unaugmented 
aircraft  response  is  realizable.  With  a  value  of  Lp  4.3  times  the 
baseline  value,  Level  1  t3Q  requirements  were  satisfied  with  the  revised 
mechanization.  Revised  roll  and  yaw  augmentation  mechanizations  for 
large  values  ..of  Lp  are  shown  in  Figure  20. 

Lr;  Baseline  Value  =  0.997 

Variations  in  Lr  indicate  a  strong  influence  of  this  coefficient  on 
the  spiral  mode  time  constant.  Increasing  positive  values  of  Lr  have  a 
destabilizing  effect  on  Ts,  whereas,  increasing  negative  values  tend  to 
stabilize  the  spiral  mode.  For  positive  values  of  Lr,  the  coefficient 
has  very  little  effect  on  the  dutch  roll  damping,  but  for  large  negative 
values  of  Lr  the  dutch  roll  damping  becomes  unstable.  For  the  basic 
aircraft,  these  data  indicate  that  increasing  negative  values  of  Lr 
greater  than  -1.0  times  the  baseline  value  have  unstable  dutch  roll 
damping. 

Baseline  augmentation  proved  to  be  sufficient  for  both  large  positive 
and  negative  values  of  Lr  in  achieving  satisfactory  spiral  male  time 
constants.  In  both  cases  oniy  a  minor  adjustment  in  the  yaw  rate  feed¬ 
back  gain  in  the  roll  augmentation  was  required.  A  simple  method  of 
computing  this  gain  to  stabilize  'T$  is  shown  in  Appendix  I.  With  pro¬ 
per  augmentation  all  attainable  Level  1  requirements  were  satisfied 
for  the  variations  of  Lr  studied. 

L/3  ;  Baseline  Value  a  -0.742, 

Variation  in  i.$  ,  the  effective  dihedral  derivative,  indicates  a 
Strong  influence  of  the  coefficient  on  the  spiral  mode,  dutch  roll 
camping,  ami  roll  time  constant.  Increasing  negative  values  of  Lp  have 
a  stabilizing  effect  on  the  spiral  mode  and  destabilizing  effect  oh  the 
dutch  roil  damping.  Lorversoly,  decreasing  negative  and  increasing 
positive  values  of  L>s  have  a  stabilizing  effect  on  the  dutch  roi) 
damping,  an  adverse  or  increasing  effect  on  roll  time  constant*  and  de¬ 
stabilizing  effect  on  the  spiral*  mode. 
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With  baseline  augmentation  operating,  all  L#  variations  analyzed 
indicated  stable  dutch  roll  damping,  however,  with  large  negative  values 
of  L$  ,  dutch  roll  damping  is  small,  and  unsatisfactory 
characteristics  necessitated  additional  augmentation  analysis.  For  large 
positive  values  of  Lp  ,  the  spiral  mode  fails  to  meet  Level  1  require¬ 
ments.  In  defining  revised  augmentation  for  both  the  largest  negative 
value,  5.0  times  the  baseline  value,  and  the  largest  positive,  -3.0  times 
the  baseline  value,  the  simultaneous  solution  of  aerodynamic  coefficients 
method  was  utilized. 


Revised  augmentation  systems  for  the  roll  and  yaw  axes  are  shown  in 
Figures  21  and  22  with  sideslip  angle  feedbacks.  In  both  cases,  it  i.s 
expected  that  the  £  feedback  loops  defined  by  this  method  can  be  replaced 
by  more  conventional  n-y  feedback  loops  if  necessary.  With  revised  aug¬ 
mentation  all  attainable  Level  1  requirements  were  satisfied. 

Lfa;  Baseline  Value  =  0.00901 

For  variations  in  Lfo,  only  the  roll  control  effectiveness  and^^n^ 
of  the  unaugmented  aircraft  are  affected.  For  values  of  Lfa  less  than 
0.58  times  the  baseline  value,  roll  effectiveness  is  insufficient  to 
meet  Level  i  requirements  for  t3Q.  For  none  of  the  values  of  ‘  I^a 
studied  did exceed  the  design  guides. 


With  baseline  augmentation  operating,  the  spiral  node  time  constant 
for  both  the  largest  and  smallest  values  of  L%  studied  were  unsatis¬ 
factory.  Since  the  effectiveness  of  roll  augmentation  i.s  largely  depen¬ 
dent  on  the  magnitude  of  Ljja,  only  minor  adjustments  were  necessary  to 
the  roll  augmentation  feedback  gains  to  provide  satisfactory  lateral - 
directional  roots  to  compensate  for  increased  or  decreased  values  of 
L$a*  In  order  to  increase  roll  control  effectiveness,  the  same  type  of 
roll  and  yaw  augmentation  mechanization  as  used  in  the  5  Lp  case  was 
investigated.  With  the  wheel  coupling  into  yaw  augmentation  mechaniza¬ 
tion,  a  minimum  value  of  Lffa  that  is  0,4  times  the  baseline  value  can  be 
accommodated  to  meet  the  Level  1  requirement  on  t^o  when  1.00  percent  of 
available  rudder  is  utilized  to  augment  aileron  control,  A  detailed 
analysis  of  this  problem  is  found  in  Appendix  IV. 

L£r;  baseline  Value  3  Q.488 

For  the  basic  aircraft,  variations  in  L$r  only  affect,  the  yaw  con¬ 
trol  effectiveness  and  Decreasing  values  of  Lgr  tend  to  increase 

yaw  control  effectiveness  and  values  less  than  -2.1  times  the  baseline 
value  satisfy  Level  1  requirements  on^t* 

With  baseline  augmentation  operative,  the  largest  negative  value  of 
L$r»  times  the  baseline  value,  did  not  allow  achieving  a  satisfactory 
spiral  mode  time  constant.  The  large  positive  value  of  lir  prevented 
meeting  design  guides  on^/w)*^  .  Satisfactory  responses  were  achieved 
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by  incorporating  a  rudder  feedback  into  the  roll  augmentation,. as  shown 
in  Figure  23.  to  compensate  for  the  increase  or  decrease  of  Lgr.  This' 
augmentation  system  was  determined  by  the  simultaneous  solution  of 
aerodynamic  coefficient  method.  :- 

YAWING  MOMENT  COEFFICIENTS  .  . 

The  effects  of  variation  of  the  yav/ing  moment  coefficients  are 
plotted  in  Figures  24  through  30  for  TS,TR>Ond>  *5dj  and 

t3Q.  The  effects  of  variation  in  the  yawing  moment  coefficients  on 

| **"“41  *l%la  , ! 

are  shown  in  Figures  31  through  33.  In  all  cases  both  the  basic  and 
augmented  aircraft  responses  are  plotted.  If  baseline  augmentation  is 
insufficient  to  provide  Level  1  response  characteristics,  revised  aug¬ 
mentation  responses  are  plotted  instead. 

Transfer  functions  for  the  basic,  baseline  augmented,  and  revised  aug¬ 
mented  aircraft  are  given  in' Appendix  III  for  all  yawing  moment  coef¬ 
ficient  variations  analyzed. 

Np  ;  baseline  value  =  0.0703 

Variation  in  Np  through  the  range  of  values  studied  indicated  very 
little  influence  of  the  coefficient  on  lateral -directional  dynamics,  i.e. 
frequency  and  damping.  Although  Np  is  generally  fairly  important  for 
conventional  aircraft  for  dutch  roll  danping  considerations,  very  little 
change  in  ^  was  noticed  for  this  flight  condition.  The  effect  of 
large  positive  variation  in  yawing  moment  due  to  roll  rate  resulted  in 
rather  large  values  of  and  a  moderate  increase  in  the  spiral  mode 

time  constant.  Large  positive  values  of  Np  tend  to  move  the  Vs* 
numerator  zero  and  denominator  pole  such  that  the  ratio  is  greater 

than  1.1.  Tliis  occurs  fcr  values  of  Np  greater  than  3.5  times  the  base¬ 
line  value.  In  terms  of  handling  qualities,  values  of  greater 

than  1.1  are  undesirable  in  that  they  result  in  reduced  lateral -direct ion 
al  damping  with  increasing  pilot  or  augmentation  loop  gains.  The  large 
positive  values  of  Np  also  resulted  in  reducing  spiral  mode  stability. 

With  baseline  augmentation  operating,  all  positive  values  of  Np 
achieved  satisfactory  responses  for  all  attainable  level  1  requirements. 
For  the  largest  negative  value  of  Np  studied,  -5.0  times  the  baseline 
value,  a  minor  adjustment  in  the  yaw  rate  feedback  gain  in  roll  augmenta¬ 
tion  was  required  to  satisfy  level  1  requirements  on  the  spiral  mode  time 
constant.  For  the  five  times  unaugmented  Np  case,  baseline  augmentation 
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Figure  24.  Hffect  of  Yawing  Moment  Coefficient  Variation  on  Spiral 

f’fexie  Time  Constant 
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Figure  28.  Effect  of  Yawing  Moment  Coefficient  Variation 
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Effect  of  'll.  awing  Moment  Coefficient  Variation  on  I  A/?/  x  I  4>/fi\d 


repositioned  the  P/$a  zero  and  poles  to  a  point  where  increasing  pilot 
loop  and/or  augmentation  gain  results  in  increased  lateral-directional 
damping.  With  proper  augmentation,  all  attainable  level  1  requirements 
were  satisfied  for  variations  in  Np. 

Nr  :  baseline  value  =>-0.232 


Variations  in  Nr,  the  yaw  damping  term,  indicates  a  strong  influence 
of  the  term  on  the  spiral  mode  time  constant  and  for  the  basic 

aircraft.  Large  negative  values  of  Nr  induce  undesirable  large  stable 
values  for  1/75  and  undesirable  values  for  .  Small  values  of 

Nr  induce  undesirable  large  unstable  values  for  l/Ts  and  no  adverse 
effect  on  . 

With  baseline  augmentation  operating,  the  small  value  of  Nr  studied 
failed  to  meet  spiral  mode  time  constant  requirements  and  the  large  value 
failed  to  meet  ‘f’osc/tfav.  In  both  cases  a  minor  gain  adjustment  in  the 
roll  augmentation  feedback  gains  was  required  to  satisfy  all  attainable 
Level  1  requirements. 

Nfe  :  baseline  value  =  Q.328 


Variations  in  indicate  a  strong  influence  of  this  coefficient  on 
the  spiral  mode  time  constant,  dutch  roll  frequency,  t  and  dutch 

roll  damping.  Increasing  the  value  of  Ng  from  that  of  the  baseline 
increases .the  dutch  roll  frequency  and  has  a  destabilizing  effect  on  the 
spiral  mode  time  constant.  Increasing  has  very  little  effect  on  the 
dutch  roll  damping  and  w*/u>..d  .  Decreasing  values  of  %  from  that  of 

the  baseline  lowers  the  dutch  roll  frequency,  stabilizes  the  spiral  mode 
time  constant,  and  reduces  dutch  roll  damping  driving  it  unstable.  For 
values  of  less  than  G.6  times  the  baseline  value,  spiral  mode  time 
constants  satisfy  level  1  requirements  for  the  basic  aircraft.  For  values 
of  Njj  less  than  0.4  times  the  baseline  value  dutch  roll  damping  becomes 
unstable. 

For  both  large  and  small  values  of  baseline  augmentation  was  in¬ 
sufficient  to  provide  satisfactory  level’  1  characteristics.  For  the  0.2 
times  %  case  it  was  necessary  to  increase  dutch  roll  dancing  to  satisfy 
requirements.  This  was  accomplished  Ivy  cluing ing  the  yaw  aupien- 
tatien  gains.  For  the  S.O  times  the  baseline  vatu-?  case,  the  unsatisfac¬ 
tory  spiral  divergence  mode  was  improved  by  changing  the  yaw  rate  feedback 
gain  in  the  roll  augmentation  system.  With  proper  augmentation,  both  the 
high  and  low  values  of  N‘p  studied  satisfied  ail  attainable  level  1  hand¬ 
ling  qualities  requirements. 


N|g  :  baseline  values  »  0.000183 

Variation  in  Nfa  indicated  very  little  effect  of  the  coefficient  on 
lateral -directional  response  characteristics  with  baseline  augmentation 
off  or  on.  For  the  largest  positive  value  of  Nfa  analyzed,  baseline 
augmentation  was  sufficient  to  satisfy  all  attainable  level  1  response 
requirements.  For  the  largest  negative  value  of  Nfa  analyzed,  the  -3.0 
times  the  baseline  value  case,  a  minor  adjustment  in  the  yaw  rate  feedback 
gain  in  the  roll  augmentation  was  necessitated  in  order  to  achieve  level 
1  requirements  for  the  spiral  mode  time  constant. 

Nfr  •  baseline  value  =-0.555 

Variation  in  Ngr,  the  yawing  moment  due  to  rudder,  influences  mainly 
the  aircraft  heading  change  in  one  second  or,  yaw  control  effectiveness. 
Values  of  N$r  greater  than  1.3  times  the  baseline  value  satisfy  level  1 
requirements  for  Variation  in  N$r  does  not  affect  any  other  handling 
quality  response  for  the  basic  aircraft. 

With  baseline  augmentation  operating,  the  smallest  value  of  N$r  studied, 
0.2  times  the  baseline  value,  satisfied  all  level  1  requirements  except 
for  insufficient  yaw  control  power.  The  largest  value  of  N|r  studied, 

5.0  times  the  baseline  value,  satisfied  all  level  1  requirements  including 
that  for  with  only  a  minor  adjustment  in  the  yaw  rate  feedback  gain 
in  the  roll  augmentation  system  to  satisfy  spiral  mode  tunes  constant 
requirements.  The  augmented  spiral  mode  time  constant  for  the  0.2  N£Y 
case  is  slightly  stable  as  seen  in  Figure  24.  This  effect  is  an  inmrect 
result  of  the  reduced  yaw  rate  generated  with  the  smaller  rudder  effec¬ 
tiveness  coupling  into  the  Lr  term.  The  effect  of  Lr  on  the  spiral  mode 
time  constant  was  noted  in  the  previous  section. 

SIDE  FORCE  COEFFICIENT'S 

The  effects  of  variation  of  the  side  force  coefficients  are  plotted  in 
Figures  34  through  40  for  Ts#  T^u^ld,  t30.  Tl* 

effects  of  variation  in  the  side  force  coefficients  on 

and  $o sc/^av  are  shown  in  Figures  41  through  43.  In  ail  cases,  both 
the  basic  and  augmented  aircraft  responses  are  plotted.  If  baseline 
augmentation  is  insufficient  to  provide  level  1  response  characteristics, 
revised  augmentation  responses  are  plotted  instead.  *b/Xw  transfer 
functions  for  the  basic,  baseline  augmented,  and  revised  augmented  air 
craft  are  given  in  Appendix  III  for  all  side  force  coefficient  variations 
analysed. 
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Figure  36.  Effect  of  Side  Force  Coefficient  Variation  on  Dutch 
Roll  Natural  Frequency 
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baseline  value  =  -0,36 


Variation  in  Y^  ,  the  side  force  damping  coefficient,  indicates 
primary  influence  of  the  coefficient  on  the  clutch  roll  damping  and  ^osc/^av 
responses  for  the  basic  aircraft.  Increasing  values  of  Yp  improve  both 
dutch  roll  and  ^osc/^av  characteristics. 

Baseline  augmentation  proved  insufficient  to  satisfy  all  attainable 
level  1  requirements  for  both  the  largest  value  of  Yp  analyzed,  5.0  times 
the  baseline,  and  the  smallest  value  of  Yp  analyzed,  0.2  times  the  baseline 
value.  For  the  largest  value  of  Yp  only  a  minor  adjustment  in  the  yaw  rate 
feedback  gain  into  roll  augmentation  was  required  to  satisfy  spiral  mode 
time  constant  requirements.  For  the  smallest  value  of  Yp  ,  it  was  neces¬ 
sary  to  adjust  yaw  augmentation  gains  in  order  to  achieve  satisfactory 
^osc/4>av  responses.  With  revised  augmentation  all  values  of  Yjj  studied 
satisfied  all  attainable  level  1  requirements. 


baseline  value  =  0.233 


Variation  in  Y*r  has  very  little  effect  on  lateral -directional  dynamics 
for  the  basic  aircraft.  However,  with  augmentation  operating  it  has  a 
large  effect  on  the  aircraft's  dynamic  response  with  yaw  augmentation  on. 
Increasing  values  of  Ygr,  increase  the  amount  of  sideslip  generated  with 
yaw  augmentation.  For  the  largest  value  of  Ygr  analyzed,  5.0  times  the 
baseline  value,  adjustments  to  the  yaw  augmentation  gains  were  necessary 
because  the  high  sensitivity  of  the  baseline  gains  drove  the  system 
unstable.  For  the  smallest  value  of  Yfranalyzed,  0.2  times  the  baseline 
value,  baseline  augmentation  was  sufficient  to  provide  satisfactory' 
responses. 


V/£ 


baseline  value  *  0.090 


Variations  in  this  coefficient  from  0.2  times  to  5.0  times  the  base¬ 
line  value  with  tho  unaugmented  vehicle  had  very  little  effect  on  1/Ts» 
Tft^n^d,  n ,  andt^t.  These  data  are  shown  in  Figures  34  through 
39.  As  a  result,  no  additional  data  for  variations  in  this  coefficient 
were  analyzed  with  either  tire  unaujpeoted  or  augmented  cases. 

TIME  HISTORY  LATA 

Time  history  cathode-ray  tube  plots  (CRT)  for  tire  lateral -direct ional 
parameter  variations  are  documented  in  Reference  3.  These  data  were 
generated  using  the  digital  simulation  program  described  in  Section  II 
of  this  volume.  Time  histories  generated  in  tills  fashion  were  used  to 
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establish  certain  handling  aualities  parameters  documented  herein. 

The  parameters  obtained  from  these  time  histories  include  t.30, 

^osc/4><v  \*£mx/b,\ ,  andi^HiW  \%ld*  In  addition,  these  time  histories 
were  used  to  correlate  3  DOT  Matrix  solution  flying  qualities  parameters 
such  as  frequency,  damping,  and  time  constants  with  those  of  the  6  DOF 
time  histories. 

The  time  histories  required  to  satisfy  requirements  in  Reference  1 
include  those  for  unaugmented  aircraft  wheel  step  inputs  and  both  unaug¬ 
mented  and  augmented  wheel  impulse  inputs. 

The  time  response  to  pedal  step  inputs  ( V't)  and  those  for  augmented 
wheel  step  inputs  (t30)  were  also  obtained  using  the  6  DOF  digital 
simulation  program.  Hie  data  obtained  for  these  parameters  were  read 
directly  from  computer  print  out  tabulations  and  no  CRT  plots  were  gene¬ 
rated.  Because  of  their  bulk,  and  the  large  number  of  data  runs,  these 
data  have  not  been  published  in  any  document.  The  results  of  this  analysis, 
however ,  are  tabulated  in  the  column  for  and  t3Q  of  Tables  V  and  VI. 

A  description  of  the  form  in  which  the  aerodynamic  derivatives  are  used 
in  the  6  DOF  digital  simulation  program  is  given  in  Reference  4.  The 
aerodynamic  derivatives  for  the  MSI  are  given  in  Volune  V-II, 

LONGITUDINAL  PARAMETER'  VARIATION  DATA 

As  in  the  case  of  the  lateral -directional  coefficient  variations  the 
maximum  and  minimum  longitudinal  coefficient  t  -  were  selected  to 
satisfy  the  requirements  of  the  stated  s*  tivos. 

A  tabular  listing  of  the  flying  qualities  parameters  for  each  coef¬ 
ficient  value  is  presented  in  Table  VII  and  include  both  unaugmented  and 
augmented  configurations.  The  results  of  the  analysis  of  these  data  are 
presented  in  the  following  pages.  Table  VIII  defines  the  plotting  symbols 
used  in  the  presentation  of  tiie  following  longitudinal  coefficient  data. 

TABLE  VIU  -  DEFINITION  OF  PLOTTING  SYMBOLS  IN  WJSUNTATiON 
OF  LONGITUDINAL  COEFFICIENT  VARIATION  DATA 

O  Unaugmonted  baseline  case  ■©*  Baseline  augmented 
D  Unaugmented  Xv,  2y  coefficient  variation 
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<j  Unaugmentcd  M&  coefficient  variation 
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AXIAL  FORCE  COEFFICIENTS 
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Conformance  of  the  aerodynamic  coefficient  variation  study  results  with 
the  short  period  requirements  of  Reference  1  are  summarized  in  Figure  44. 

The  data  of  this  figure  have  been  normilized  to  the  level  1  limits  in  each 
axis  and  show  the  effect  of  parameter  variations  on  the  level  1  requirements 
for  ^nsp  and  $sp. 

These  data  show  that  in  all  cases,  including  the  baseline  configuration, 
the  level  1  requirements  were  met  with  the  baseline  and/or  revised  augmented 
configurations.  Only  results  of  the  final  augmentation  configurations  are 
shown . 

'The  data  also  show  that  in  the  case  of  the  unaugmented  configuration 
the  level  1  requirements  were  met  in  the  5  X«  case.  In  ah  other  cases 
including  the  baseline  unagumented  configuration,  these  requirements  were 
not  met  in  terms  of  the  minimum  short  period  frequency. 

Figures  45  through  48  show  the  effect  of  axial  force  coefficient 
variations  on  ^nSp,  ^Sp*  331(3  ^p  f°r  the  unaugmented,  baseline 

augmented,  and  revised  ^  augmented  aircraft.  The  effect  of  individual 
coefficient  variations  on  phugoid  as  well  as  short  period  dynamics  is  dis¬ 
cussed  in  greater  detail  below. 

Xy  :  baseline  value  =-0.0329 


Variation  of  Xy  indicates  primary  influence  of  the  coefficient  on  the 
phugoid  damping.  Increasing  negative  values  of  Xy  tend  to  increase  ? pp 
while  positive  values  of  Xy  tend  to  lower  "Sph  and  drive  it  unstable. 
Figure  48  shows  the  effect  of  Xv  variation  on  5ph  for  the  basic  aircraft, 
and  Figure  49  shows  the  effect  of  Xy  variation  on  the  phugoid  mode  roots 
in  the  s -plane. 

With  baseline  augmentation  operating,  the  largest  negative  value  of  Xy 
investigated,  10  times  the  baseline  value,  had  very  satisfactory  short 
period  and  phugoid  mode  responses.  For  the  largest  positive  value  of  Xy 
investigated,  -5  times  the  baseline  value,  baseline  augmentation  was  in¬ 
capable  of  stabilizing  the  unstable  phugoid  mode  of  the  basic  aircraft. 

In  order  to  stabilize  the  phugoid  mode  an  attitude-hold  was  introduced 
into  the  pitch  augmentation  system.  The  revised  pitch  augmentation  for 
this  case  is  show,  in  Figure  50.  With  proper  feedback  gains  determined 
through  root  locus  teclmiques,  satisfactory  longitudinal  responses  were 
obtained.  Transfer  functions  for  9/Xc  are  given  in  Appendix  III  for  tire 
basic,  baseline  augmented,  and  revised  augmented  aircraft. 
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Figure  46.  Effect  of  Axial  Force  Coefficient  Variation  on  Short  Period 

Damping  Ratio 
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Figure  48.  Effect  of  Axial  Force  Coefficient  Variation  on  Phugoid 

Damping  Ratio 


Figure  50.  Longitudinal  Axis  Con' 


X*  :  baseline  value  =  c.891 


Variation  of  Xw  indicates  only  a  slight  effect  of  the  coefficient  on 
the  basic  aircraft,  However,  due  to  the  marginally  stable  damping  of  the 
phugoid  mode  for  the  baseline  aircraft,  large  negative  values  of  X*  may 
drive  the  phugoid  damping  unstable.  Hie  effect  of  varying  X*.  in  the  s- 
plane  is  shown  in  Figure  51  and  indicates  that  variations  in  this  coef¬ 
ficient  result  in  negligible  changes  in  tonp. 

With  baseline  augmentation  operating,  the  largest  negative  value  of  X* 
studied,  -5  times  the  baseline  value,  indicated  an  unstable  phugoid  mode. 

In  order  to  stabilize  the  phugoid  mode,  an  attitude-hold  loop  consisting 
of  a  pitch  attitude  angle  feedback  was  introduced  into  the  pitch  augmen¬ 
tation  system.  The  revised  pitch  augmentation  system  is  shown  in  Figure  52. 
With  augmentation  gains  determined  by  root  locus  techniques,  satisfactory 
short  period  and  phugoid  modes  were  attained.  For  the  largest  positive 
value  of  X*  studied,  S  times  the  baseline  value,  baseline  augmentation  was 
sufficient  to  provide  satisfactory  short  period  and  phugoid  mode  responses. 
Transfer  functions  for  ®/Xc  are  given  in  Appendix  III  for  the  basic, 
baseline  augmented,  and  revised  augmented  aircraft  for  all  variations  of 
X«  studied. 

X8h  :  baseline  value  8  -1.83 


Variation  in  X  s H  has  very  little  influence  on  longitudinal  dynamic 
characteristics  for  both  augmented  and  unaugmented  configurations.  As  a 
result,  both  the  unaugniented  and  baseline  augmented  aircraft  provide 
satisfactory  level  1  response  characteristics  for  all  values  of  Xsu 
studied.  The  smallest  value  of  X  8 h  studied  was  zero,  the  largest  value 
was  5  times  the  baseline  value,  Transfer  functions  for  6/\c  for  the 
baseline  augmented  aircraft  are  given  in  Appendix  III  for  all  values  of 
X£h  investigated. 

NORMAL  FORCii  COEFFICIENTS 

The  effect  of  coefficient  variations  for  both  augmented  and  unaugmen¬ 
ted  configurations  on  the  short  period  requirements  of  Reference  1  are 
summarized  in  Figure  53.  The  data  presented  in  this  figure  have  been 
normalized  to  the  minimum  frequency  and  damping  ratio  requirements  of 
this  document. 

The  level  1  requirements  were  met  in  all  cases  with  baseline  augmen¬ 
tation.  The  effect  of  augmentation  on  variations  in  individual  parameters 
is  discussed  in  greater  detail  below. 


o  t- 

Ct  _l 

Ui  3 

M  S 

f|  A 


Effect  of  Xa  Variation  on  the  Longitudinal  Roots  in  the  S-plane  for 
the  Unaugmented  Aircraft 
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For  the  unaugmented  configuration  the  short  period  data  of  Figure  53 
also  show  that  the  5  Z«ccase  net  the  requirements  of  level  1.  For  all 
other  coefficient  values,  including  those  of  the  baseline  vehicle,  the 
minimum  frequency  requirement  could  not  be  met. 

Figure  54  through  57  show  the  effect  of  normal  force  coefficient 
variations  on  wns  *$Sp>  andH»p  for  the  unaugmented,  baseline  augmented, 
and  revised  augmented  aircraft.  The  effect  of  individual  parameter 
variations  on  the  augmented  and  unaugmented  baseline  vehicle  is  discussed 
in  detail  below. 

2y  :  baseline  value  -  -0.277 

Variation  of  Zv  indicates  a  strong  influence  of  the  coefficient  on 
the  phugoid  frequency.  Increasing  negative  values  of  Zy  increases  phugoid 
frequency  with  a  large  increase  in  phugoid  damping.  Very  small  values  of 
Zv  can  result  in  slightly  unstable  phugoid  damping.  Figure  56  shows  the 
effect  of  varying  Zv  on  the  phugoid  frequency  for  the  basic  aircraft. 

Figure  58  shows  the  effect  of  varying  Zv  on  the  basic  aircraft  longitudinal 
roots  in  the  s -plane.  These  data  shew  that  variations  in  Zv  affect  fre¬ 
quency  and  danping  of  the  phugoid  roots  and  also  the  damping  of  the 
short  period  roots. 

With  baseline  augmentation  operating,  both  the  largest  and  smallest 
values  of  Zv  investigated  showed  satisfactory  short  period  and  phugoid 
mode  responses.  Transfer  functions  for  0/Xc  are  given  in  Appendix  III 
for  both  tlie  basic  and  baseline  augmented  aircraft. 

Zqc :  baseline  value  *  -60.1 


Variation  of  Z«  indicates  primary  influu.ee  of  this  coefficient  is  on 
the  short  period  mode  with  a  small  effect  on  the  pltugoid  frequency.  In¬ 
creasing  negative  values  of  It*  increase  the  short  period  frequency  for  the 
basic  aircraft.  Figure  59  shows  the  effect  of  Z#*,  variation  in  the  s-plane 
for  the  basic  aircraft  short  period  and  phugoid  mode  roots. 

With  baseline  augmentation  operating,  both  the  largest  and  smallest 
values  of  Z«  investigated  had  satisfactory  short  period  and  phugoid  mode 
roots.  Transfer  functions  for  e/^c  are  given  in  Appendix  III  for  the 
basic  and  baseline  augmented  aircraft. 

Z $h  :  baseline  value  *  -10.3 

Variation  in  2(h  indicates  very  little  effect  of  the  coefficient  on 
longitudinal  dynamics  for  both  the  basic  and  augmented  aircraft.  It  does, 
however,  affect  the  trim  characteristics  of  the  aircraft.  With  baseline 
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Figure  56.  Effect  of  Normal  Force  coefficient  Variation  on  Phugoid  Natural 

Frequency 
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Figure  S3.  Effect  of  Z  r  Variation  on  the  Longitudinal  Roots  in  the  S-Plane  for  the 

Unaugmented  Aircraft 


at ion  on  Longitudinal  Roots  in  the  S-plane  for 
(.^augmented  .Aircraft 


augmentation  operating,  both  the  smallest  value  of  Z&j.j  investigated,  zero, 
and  the  largest  value,  5  times  the  baseline  value,  had  satisfactory  short 
period  and  phugoid  mode  responses.  Transfer  functions  for  6/X  are  given 
in  Appendix  III  for  all  values  of  Z£j.j  investigated  with  tire  baseline  aug¬ 
mented  aircraft. 

Z,ge  :  baseline  value  =  -11.2 


As  would  be  expected,  variations  in  Z^e  do  not  affect  dynamic  response 
characteristics  of  the  basic  aircraft.  This  results  from  the  fact  that 
tliis  term  does  not  appear  in  the  denominator  of  the  longitudinal  transfer 
functions.  However,  with  augmentation,  it  does  appear  in  the  denominator 
terms  and  its  effect  is  observed  on  the  short  period  response  of  the  air¬ 
craft.  Making  Zjje  more  negative  reduces  short  period  frequency  and 
damping,  but  does  not  materially  influence  the  phugoid  mode  roots.  These 
results  can  be  observed  by  an  examination  of  the  data  in  Table  VII.  With 
baseline  augmentation  operating,  both  the  smallest  value  of  Z g e  investi¬ 
gated,  zero,  and  the  largest,  5  times  the  baseline  value,  had  acceptable 
longitudinal  dynamic  responses.  Transfer  functions  of  9 /\c  for  tire 
baseline  aircraft  are  identified  in  Appendix  III  for  all  values  of  Z£e 
investigated. 

PITCHING  FOMENT  COEFFICIENTS 

A  summary  of  the  effect  of  coefficient  variation  on  the  short  period 
frequency  and  damping  requirements  of  Reference  1  is  presented  in  Figure 
60.  As  in  the  case  of  the  axial  and  normal  foi-ce  coefficients  these  data 
are  plotted  in  a  normalized  maimer  and  take  into  account  the  variations 
in  level  1  requirements  occurring  with  variations  in  and  / 

for  a  given  coefficient  value.  *  ' <=* 

With  either  baseline  augmentation  and/or  revised  augmentation  con¬ 
figurations,  all  of  the  level  requirements  were  met.  The  data  of  this 
figure  show  the  results  of  the  final  augmentation  configurations  utilised. 

Level  1  short  period  requirements  were  met  with  the  unaugmented. con¬ 
figuration  for  10  Mv,  10  Mq,  and  220  M*.  cases.  In  some  cases  the  response 
for  these  coefficient  values  did  not  meet  level  1  requirements  for  other 
areas,  these  are  discussed  in  detail  below.  For  all  other  coefficient 
values  including  those  of  the  baseline  configuration  either  the  minimum 
short  period  frequency  and/or  damping  ratio  could  not  bo  mot. 

Figures  61  through.  64  show  the  effect  of  pitching  moment  coefficient 
Variation  on  uJn  ^Sp,  and  t  p  for  the  unaugmented,  baseline 

augmented  and  revised  augmented  aircraft. 
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Figure  63.  Effect  of  Pitching  Moment  Coefficient  Variation  on  Fhugoid 

Natural  Frequency 
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Figure  64.  Effect  of  Pitching  Moment  Coefficient  Variation  ott  Phugoid 

Dancing  Patio 


My  :  baseline  value 


ai 


0.00065 


Significant  variations  in  the  basic  aircraft  longitudinal  dynamics  were 
observed  with  variations  in  this  coefficient.  Increasing  values  of  My 
increase  both  short  period  and  phugoid  mode  natural  frequencies ,  and 
drive  the  phugoid  damping  unstable  for  the  basic  aircraft.  Decreasing 
positive  values  of  My  indicate  a  strong  effect  of  the  coefficient  on  the 
phugoid  damping  with  reductions  in  both  short  period  and  phugoid  mode 
natural  frequencies.  Increasing  negative  values  of  My  variation  on  the 
phugoid  mode  natural  frequency  and  damping  are  shown  in  Figures  63  and  64 
for  the  basic  and  augmented  aircraft.  The  effect  of  My  variation  on  the 
short  period  and  phugoid  modes  in  the  s -plane  are  summarized  in  Figure  65. 

With  baseline  augmentation  operating,  the  largest  positive  value  of  My 
investigated,  10  times  the  baseline  value,  demonstrated  satisfactory 
longitudinal  response  diaracteristics.  The  largest  negative  value  of  My 
investigated,  -10  times  the  baseline  value,  had  an  unstable  real  phugoid 
mode  root.  By  means  of  root  locus  techniques,  an  angle  of  attack  feed¬ 
back  and  an  increased  pitch  rate  feedback  gain  were  added  to  the  pitch 
augmentation  system  in  order  to  provide  satisfactory  longitudinal  responses. 
Figure  66  shows  the  mechanization  of  the  revised  pitch  augmentation  system 
for  this  case.  Transfer  functions  for  ®/xc  are  given  in  Appendix  III 
for  the  basic,  baseline  augmented,  and  revised  augmented  aircraft. 

Mot  :  baseline  value  =  -0.0182 


Variation  in  M<*  ,  the  static  stability  coefficient,  indicates  primary 
influence  of  the  parameter  on  the  short  period  mode  and  a  significant 
influence  on  the  stability  of  the  phugoid  mode  for  the  basic  aircraft. 
Increasing  negative  values  of  M«  cause  the  two  real  short  period  mode 
roots  of  the  baseline  case  to  merge  and  become  a  complex  pair.  Increasing 
negative  values  of  may  also  cause  the  phugoid  mode  to  go  unstable.  This 
occurred  for  values  of  negative  M<*  greater  than  5.3  times  the  baseline 
value.  Increasing  positive  values  of  Ma  cause  the  two  real  short  period 
mode  roots  to  separate  and  eventually  drives  one  of  them  unstable. 

With  baseline  augmentation  operating,  both  the  largest  positive  value 
of  M*  investigated,  -10  tunes  the  baseline  value,  and  the  largest  negative 
value  of  M*  ,  the  M*®  -4.0  case,  had  unstable  pliugoid  modes.  For  the 
large  positive  value  of  M*  an  angle  of  attack  feedback  was  added  to  the 
pitch  augmentation  system  as  shown  in  Figure  66.  This  mechanization 
effectively  permitted  changing  the  sign  of  the  unstable  M<*  term  to  one 
which  was  statically  stable  with  augmentation  on.  For  the  largo  negative 
value  of  M^  an  attitude-hold  loop  utilizing  incremental  changes  in  pitch 
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attitude  was  added  to  pitch  augmentation  as  shown  in  Figure  68.  Both  the  | 

largest  positive  and  negative  values  of  M*  investigated  had  satisfactory  | 

short  period  and  phugoid  mode  responses  witli  revised  augmentation.  I 

j 

The  effect  of  Mw  variation  on  the  longitudinal  responses  are  shown  for  ‘ 

the  basic  aircraft  in  Figure  67  for  the  s-plane.  Transfer  functions  for 
6 lx c  f°r  the  basic,  baseline  augmented,  and  revised  augmented  aircraft 
are  given  in  Appendix  III  for  all  the  variations  of  investigated. 


Mac:  baseline  value  =  -0.312 


Variation  m  indicates  primary  influence  of  the  coefficient  on  the 
short  period  mode  with  a  significant  effect  on  the  stability  of  the  phugoid 
mode.  Increasing  positive  values  of  M«  tend  to  merge  the  two  real  short 
period  roots  making  them  complex.  Large  positive  values  may  drive  both  the 
short  period  and  phugoid  mode  damping  unstable, 

Witli  baseline  augmentation  operating,  the  largest  negative  value  of  Mfc 
investigated,  5  times  the  baseline  value,  had  satisfactory  short  period 
and  phugoid  mode  responses.  The  largest  positive  value  of  M ^investigated 
required  a  larger  pitch  rate  feedback  gain  in  the  pitch  augmentation  system 
and  the  elimination  of  the  normal  acceleration  feedback  of  the  baseline 
system.  With  the  revised  pitch  augmentation  system  shown  in  Figure  69 
satisfactory  short  period  and  phugoid  mode  responses  were  attained. 

Figure  70  shows  the  effect  of  variation  for  the  basic  aircraft  in 
the  s-plane.  Transfer  functions  for  e/xc  for  the  basic,  baseline  augmen¬ 
ted,  and  revised  augmented  aircraft  are  given  in  Appendix  III  for  all  values 
of  Mic  investigated. 

Mq  :  baseline  value  3  -0.63 


Both  the  short  period  and  phugoid  mode  responses  of  the  basic  aircraft 
were  affected  by  variations  in  this  coefficient.  Increasing  negative 
values  of  the  pitch  damping  term  tend  to  increase  the  short  period  fre¬ 
quency,  decrease  che  ohugoid  froouency,  anu  increase  the  phugoid  damping. 

With  baseline  augmentation  operating,  both  the  smallest  value  of  Mq 
investigated,  zero,  and  the  largest  value  of  Mq,  10  tines  the  baseline 
value,  satisfied  sho. t  period. and  phugoid  mode  loquirements.  Figures  i>3 
through  C4  show  the  effect  of  Mq  variation  on  the  phugoid  natural  fre¬ 
quency  and  damping  for  both  the  basic  and  augmented  aircraft.  Figure  71 
shows  the  effect  of  Mq  varirHon  on  both  the  short  period  and  phugoid 
modes  for  the  basic  aircraft  in  tho  s-plane.  Transfer  functions  for  0/Xc 
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Figure  68.  Longitudinal  Axis  Control  and  Augmentation  System  for  Ma=  -4.0  Case 


Effect  of  Variation  on  the  Longitudinal 
the  Unaugmented  Aircraft 


Effect  of  M.  Variation  on  Longitudinal  Roots  in  the  S-plane  for  the 
Vv  Lfnaugmented  Aircraft 


•are  given  in  Appendix  .'II  for  both  the  basic  and  baseline  augmented  air-, 
craft  for  all  variations  of  Mq  studied. 

Mge  ■  baseline  value  »  -1.32 

Variation  of  M$e  for  the  basic  aircraft'  indicates  a  strong  influence 
of  this  coefficient  on  the  steady-state  p itch  attitude  angle,  &  ,  following 
a  column  step  input.  M  £  e  variation  does  not  affect  either  the  short 
period  or  phugoid  modes  for  the  basic  aircraft. 

With  baseline  augmentation  operating,  the  magnitude  of  M^e  has  a  large 
influence  on  the  effectiveness  of  the  pit <ch  augmentation.  The  zero  M£e 
case  naturally  nullified  the  effect  of  the  pitch  augmentation.  Figure  61 
through  64  indicate  that  the  minimum  M  £e  which...wiil  satisfy  dynamic 
response  requirements  at  this  trim  condition  is.  6.2  times  the  baseline 
value.  In  order  to  provide  satisfactory  level  1  short  period  frequency 
for  the  zero  M£e  it  was  necessary  to  augment  the  horizontal  stabilizer. 
Baseline  augmentation  was  sufficient  to  provide  satisfactory  longitudinal 
responses  for  the  largest  value  of  Mfe  investigated,  5  times  the  baseline 
value.  Equivalent  augmentation  through  the  horizontal  stabilizer  was 
sufficient  to  provide  satisfactory  results  for  t,;e  zero  M£e  case.  Trans¬ 
fer  functions  for  9/y^  are  given  in  Appendix  III  for  the  baseline  augmen¬ 
ted  and  revised  augmented  aircraft  for  all  values  of  M£e  studied.  Figure 
72  shows  the  revised  pitch  augmentation  system  used  for  the  zero  M  £  e 
case. 

M$H  :  baseline  value  *  -1.21 

Variation  inM&H  indicates  a  strong  influence  of  this  coefficient 
on  steady-state  values  for  the  pitch  attitude  change  in  1  second  and 
horizontal  stabilizer  trim.  Variation  of  Mfjj  does  not  affect  the  basic 
aircraft  short. period  or  phugoid  modes. 

With  baseline  au#uentation  operating  both  the  smallest  value  of  M£jj 
studied,  zero,  and  the  largest  value  of  M £ h  studied,  $  times  the  baseline 
value,  had  satisfactory  short  period  and  phugoid  mode  responses..  Since 
baseline  augmentation  is  coupled  only  to  the  elevator  no  variation  ir> 
baseline  augmented  dynamics  would  be  expected  for  the  zero  M  S 11  case, 
however,  the  baseline  vehicle  trim  system  is  coupled  to  the  horizontal 
stabilizer  and,  as  a  result,  the  zero  Mfu  case  requires  redefinition  of 
the  trim  control  system.  Trim  studies  for  this  c.g.  position  Juive  indicated 
that  stabilizer  trim  positions  vary  from  zero  to  seven  degrees.  These  data 
would  indicate  tim,  tire  minimum  necessary  to  satisfy  the  trim  re¬ 
quirements  is  approximately  0.33  times  the  baseline  value  at  the  aft  c.g. 
position  investigated,  Forward  c.g.  positions  would  require  considerably 


more/  Transfer  functions  for  &/y^  for  the  baseline. augmented  aircraft 
are  given  in  Appendix  III  for  all  variations  of  M$H  studied. 

ANALYSIS  OF  AIRCRAFT  CAPAEILITY-  TO  ACHIEVE  STALL  ANGLE  OF  ATTACK  FROM  TRIM 

The  maximun  angle  of  attack  used  in  the  following  analysis  was  computed 
from  the  equation: 


The  above  coefficients  are  defined  in  Reference  4.  At  the  baseline  trim 
flight  condition,  ^max  was  computed  to  be  approximately  21.0  degrees. 

In  analyzing  the  aircraft's  capability  to  reach  stall  angle  of  attack 
from  trim,  the  6  DC^  digital  simulation  program  was  used.  The  program 
computes  initial  trim  angle  of  attack; glide  slope  angle,  pitch  attitude 
angle,  and  horizontal  stabilizer  position.  Input  initial  conditions  were 
a  velocity  jf  1.  0.0  ft/sec.  a  flap  deflection  of  46.0  degrees,  weight  of 
160,000  lbs.,  .(  i  full  thrust  per  engine. 

The  coefficients  varied  with  respect  to  aircraft  capability  to  achieve 
<*max  were  Mq,  M#  ,  ,  M$h»  -eH*  zSe*  Increments  of  -5.38, 

-1.29,  and  -1.83  were  added  tc  the  baseline  values  of  Mq,  M&  ,  and  M* 
respectively  to  determine  the  sensitivity  of  the  coefficients  on  stall 
capability.  M ge,  Z$n,  and  Zge  were  each  independently  made  zero  to 
determine  their  effect  on  oC^^,  and  M&jj  was  multiplied  by  a  constant 
0.28  to  determine  its  effect.  In  all  casta  where  the  aircraft  was  capable 
cf  trimming,  the  required  stall  angle  of  attack  was  achieved. 

It  is  worth  noting  that  several  cases  were  run  in  which  an  initial  trim 
was  not  achieved  because  of  coefficient  magnitudes  selected.  These  in¬ 
cluded  M* values  of  -2.36  and  -3.34  and  a  value  of  Mgu  *  0.  Of  these 
cases,  .  stall  ar.gle  of  attack  was  achieved  with  full  col: sun  input  for  the 
Mec  *  -2.36  and  M$jj  =  0  cases.  Stall  tingle  of  attack  was  not  achieved 
for  tho  -3.54  case.  In  the  case  of  M  £  j;  *  0  the  aircraft  could  not  trim 
because  this  system  is  mechanized  through  the  horizontal  stabilizer,  as  a 
result,  an  initial  out  of  trim  pitching  acceleration  of  -0.068  rad, /sec. *■ 
was  measured  from  time  histories.  Even  with  this  amount  of  initial  nose 
down  accleration  the  aircraft  achieved  stall  angle  of  attack  when  full 
elevator  was  applied  through  the  column.  Hie  results  of  theso  analysis 
in  terms  of  stall  angle  oi  attack  are  shown  in  Table  IX. 

The  values  of  -2.36  and  *3.54  for  Mt*  were  initially  selected  as 
being  typical  values  which  result  in  complex  short  period  roots  and  are 
thus  possible  values  which  might  be  encountered  in  a  givon  aircraft  design. 
For  the  baseline  configuration  the  high  stiffness  resulting  from  these 
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magnitudes  of  M*  in  combination  with  the  baseline  Mgjj  resulted  in  fail¬ 
ure  to  achieve  an  intitial  trim.  A  brief  2  degree-of-freedan  analytical 
study  has  been  conducted  to  determine  the  maximun  stable  value  ox  Moc 
capable  of  being  trimmed  with  the  baseline  M$h  and,  if  needed,  the  use 
of  partial  elevator  to  augment  the  trim  provided  by  the  horizontal  stabili¬ 
zer.  These  data  are  presented  in  Appendix  V. 

The  data  of  Appendix  V  show  that  for  the  baseline  aircraft  a  maximum 
stable  of  -1.8  can  be  trimmed  by  using  full  horizontal  stabilizer. 
When  elevator  is  used  to  augment  the  horizontal  stabilizer,  i.e.,  elevator 
is  added  after  the  horizontal  has  been  trimmed  to  full  travel,  an  = 

-2.9  can  be  trinsned  using  504  of  available  elevator.  This  study  also 
shows  the  effect  of  variations  in  Z^,  and  M  £  ^  on  trim  requirements. 


COEFFICIENT  ACCURACY  REQUIREMENTS  -  UNAIJGMENTED  AIRCRAFT 


To  determine  coefficient  accuracy  requirements  for  the  basic  air-, 
craft  in  each  axis,  two  parameters  were  measured  from  tho  parameter 
variation  data  plots  previously  presented.  The  parameters  measured  from 
these  plots  included  the  sensitivity  (SENS)  and  the  aerodynamic 
coefficient  design  margin  (LMC)  or  each  parameter  with  respect  to  the 
normalized  baseline  value  and  the  »v:propriate  performance  level. 


wATERAL*  DIRECTIONAL  AXES 


For  the  lateral -directional  axes,  the  design  margins  'n  each  case 
were  measured  from  applicable  Terminal  Flight  Phase  Category  C  require¬ 
ments  of  Reference  (1).  in  most  cases  these  were  selected  as  the  Level 
5  requirement  since  the  unaugmented  configuration  represents  a  failure 
state  configuration  and  thus  can  be  considered  to  have  degraded 
performance.  Only  in  the  case  of  the  control  surface  effectiveness  and 
i ides ; ip  excursion  parameters  were  Level  1  requirements  retained  for  the 
■  cementation  failure  mode  configuration.  Ihese  margins  are  defined  in 
InL.  X  for  each  of  the  coefficients  analyzed.  They  represent  the  design 
'M':  ‘ins  which  were  designed  into  the  baseline  configuration.  These  arc 
or.;-  essed  in  multiples  of  the  baseline  value  with  respect  to  the  indicate 
ferenee  levels.  These  data  indicate  that  where  the  appropru  e 
.  iquitement  levels  are  net,  the  design  margins  are  generally  in  exces.}.  of 
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one  baseline  unit  over  the  minimum  requirement  and  in  many  cases  they  are 
five  baseline  units  away  from  the  minimum  reference  level.  The  sign 
associated  with  each  design  margin  indicates  the  direction  in  which  the 
baseline  coeffi  lent  must  vary  to  reach  the  reference  level.  A  minus 
DMC  indicates  a  change  in  coefficient  value  toward  zero  and  a  plus  EMC 
indicates  a  change  in  coefficient  value  away  from  zero  is  necessary  to 
reach  the  reference  level.  Where  requirement  levels  are  not  met,  ty^ 
and  \W*,\x\%\*  ,  the  design  margins  are  not  defined.  The  design  mar¬ 
gins  closest  to  the  minimum  reference  levels  appear  for  the  1/TS 
parameter.  These  include  the  margins  for  Lp,  Lr,  Ljs  ,  Nr,  and  tya  . 

These  margins  are  on  the  order  of  20  to  50  percent  of  the  Level  3  reference. 


The  sensitivities  for  each  coefficient  are  also  shown  in  Table  X. 
These  were  measured  ovei  a  +50  percent  range  of  the  baseline  coefficient 
value.  They  are  normalized  to  both  the  coefficient  value  and  the  baseline 
H.Q.  parameter  value. 


Table  XI  identifies  the  coefficients  in  the  order  of  their  relative 
sensitivities  on  each  parameter.  These  results  indicate  that 
contributes  the  greatest  sensitivity  to  seven  of  the  ten  flying 
qualities  parameters  listed.  It  exerts  the  prime  influence  on  the 
basepoint  values  of 

1^—4) . 

The  next  most  important  coefficients  in  the. order  of  sensitivity  magni¬ 
tudes  are  Lp  ,  N$r,  Lp,  and  L$a.  These  coefficients  are  the  prime 
influence  on  t  %  ,  and  t30  respectively.  Of  the  coefficients 

second  in  order  of  importance,  Lp  influences  \  *  1  fyjj \ 4  , 

t3Q,  and  while  and  Nr  each  provide  sensitivities  second  in 
order  of  importance  in  two  flying  qualities  parameters,  These  are  Tr 
and  'id  for  L^  ,  and  1/TS  and  <P<*$£  v  for  Nr. 


Analysis  of  the  relative  sensitivities  in  this  table  for  each 
coefficient  show  that  in  some  cases  significant  percentages  occur  for 
coefficients  as  low  as  sixth  in  order  of  importance  and  in  other  cases 
the  relative  sensitivities  decrease  more  rapidly  as  order  of  importance 
decreases.  This  implies  that  comparing  sensitivity  data  by  this  method, 
i.e.,  order  of  importance,  would  not  significantly  reduce  the  amount  of 
coefficient  accuracy  requirements  which  must  be  determined.  However, 
comparing  the  relative  sensitivities  for  each  flying  qualities  para-, 
meter  indicates  some  coefficient  accuracies  for  individual  H.y,  parameters 
are  not  significant  in  terms  of  the  other  coefficient  sensitivities 
involved.  More  specifically,  these  coefficient  variation  data  indicate 
that  accuracy  requirements  with  relative  sensitivities  less  than  0.25  are 
not  significant  in  terms  of  their  effect  on  individual  flying  qualities 
parameters.  The  coefficients  for  which  accuracy  requirements  should  be 
defined  on  this  basis  are  listed  in  Table  XII.  This  table  shows  the 
coefficients  for  which  accuracy  requirements  should  be  established  in 
terms  of  each  flying  qualities  parameter.  The  method  of  establishing 
the  requirements  for  these  coefficients  is  discussed  in  Section  II. 
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TABLE  XI.  UNADGMENTED  AIRCRAFT  LATERAL-DIRECTIONAL  COEFFICIENTS  IN 
ORDER  OF  IMPORTANCE  TO  FLYING  QUALITIES  PARAMETERS 
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TABLE  XII 

UNAUQ4ENTED  LATERAL- DIRECTIONAL  COEFFICIENTS  FOR  DEFINITION  OF 
ACCURACY  REQUIREMENTS  VERSUS  FLYING  QUALITIES  PARAMETERS 


Ns>  YS,  Np 


Coefficients  having  sensitivities  which  significantly  influence  the 
various  flying  qualities  are  summarized  in  Figure  73.  This  figure 
also  .shows  tnat  tne  baseline  unaugmented  configuration  either  meets  or 
exceeds  the  minimum  H.Q.  requirement  specified  for  augmentation  failure 
mode  operation  in  all  cases  except  yaw  control  effectiveness  and  the 
sideslip  excursion  requirement 

For  some  parameters,  such  as,  frequency,  damping  and  roll  time  constant, 
Level  1  requirements  are  met  and  exceeded  by  a  comfortable  margin. 

LONGITUDINAL  AXIS 

For  this  axis  the  design  margins  shown  in  Table  XIII  were  measured 
from  the  Level  3  and  Level  2  IFR  requirements  of  Reference  (1) .  The 
unaugmented  did  not  meet  the  Level  2  IFR  requirement  and  therefore 
these  are  not  defined.  In  most  cases  the  coefficient  design  margins  for 
?Sp  and  "$p  are  outside  the  coefficient  parameter  variation  ranges 
investigated  and  the  symbol  LDM  indicates  that  the  coefficient  design 
margin  is  greater  than  the  percentage  range  of  the  individual  coefficient 
being  investigated. 

This  table  also  shows  the  sensitivities  which  were  measured  over  a 
+50  percent  range  about  the  baseline  value.  In  many  cases  these 
sensitivities  are  quite  small  and,  as  a  result,  do  not  significantly 
influence  coefficient  prediction  accuracy  requirements  for  a  given 
flying  qualities  parameter. 

The  importance  of  the  individual  coefficients  on  each  flying 
quality  parameter  is  summarized  in  Table  XIV.  This  table  lists  the 
sensitivities  relative  to  the  maximum  (R.S.)  for  each  parameter  and 
identifies  the  number  of  times  each  coefficient  appears  in  each  order  of 
importance.  These  data  show  that  Mv»  Mq  and  Z*  have  the  most  signifi¬ 
cant  sensitivities  with  respect  to  these  flying  qualities  parameters. 

Other  coefficients  having  relatively  large  sensitivities  are  M« ,  Zy, 
and  Xv.  These  data  reflect  the  fact  that  for  the  baseline  condition 
investigated  M*  ,  usually  the  dominant  term  in  4i»Sp,  is  numerically 
quite  small,  and  as  a  result  comes  out  a  poor  sixth  in  terns  of  order  of 
importance . 

The  coefficients  for  which  accuracy  requirements  or  design  margin 
requirements  should  be  determined  are  listed  in  Table  XV.  These  represent 
coefficients  whose  relative  sensitivities  in  terms  of  each  flying 
qualities  parameter  are  equal  to  or  greater  than  0.1.  The  methods  for 
establishing  accuracy  and/or  design  requirements  is  defined  in  Section 
II. 


Table  XIII 


UNAUGMENTED  LONGITUDINAL  SENSITIVITIES  AND  DESIGN  MARGINS 


Coefficient 

tsp 

“Hsp 

“np 

SENS 

me 

T  i  rrn 

L0v6j.  ^iri\ 

SENS 

%EMC 
Level  3 

SENS 

%EMC 

Level  2IFR 

SENS 

Xv 

- 

0.000039  LEM 

1.62 

LEM 

0.00054 

*1 

-0.0032 

X  « 

- 

0.0014 

LEM 

0.53 

LEM 

0.0014 

*1 

0.0124 

% 

0.0 

LEM 

0.0 

LDM 

0.0 

*1 

0.0 

z V 

0.086 

LEM 

2.18 

JIM 

-0.081 

*1 

0.135 

Z  00 

0.178 

LEM 

+0. 154 
*0.508 

LEM 

0,540 

*1 

-0.068 

zm 

0.0 

LEM 

0.0 

LEM 

0.0 

*1 

0.0 

Z6e 

0.0 

LDM 

0.0 

LEM 

C.O 

*1 

0.0 

My 

- 

0.295 

LDM 

-5.2 

LEM 

0.230 

*1 

0.264 

M  « 

0.039 

LEM 

*0.202 

LEM 

0.0445 

*1 

0.0126 

M‘ot 

0.255 

*120 

0.340 

LEM 

-0.0510 

*1 

0.0489 

Mq 

0.041 

LEM 

5.2 

LEM 

0.278 

*1 

-0.382 

m«H 

0.0 

UM 

0.0 

LEM 

0.0 

*1 

0.0 

M6e 

0.0 

LEM 

0.0 

LEM 

0.0 

*1 

0.0 

*1  Unaugmented  Baseline  aircraft  fails  minimum  unSp  requirement. 

LDM  These  coefficient  design  margins  are  outside  the  parameter  ranges 
investigated. 
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TABLE  XV 

£ 

UNAUGMENTED  LONGITUDINAL  COEFFICIENTS  FOR  DEFINITION 
!  OF  ACCURACY  REQUIREMENTS  VERSUS  FLYING  QUALITIES  PARAMETERS 


— 

H.  Q. 

PARAMETERS 

- - - - - 

. 

AERODYNAMIC  COEFFICIENTS 

“ns 

Z«  ,  Mq  ,  M  v  ,  Zv  ,  M£ 

P 

C  sp 

My  ,  Ms  ,  .  z«  ,  Zv  ,  Mq  ,  Ma 

«  n 
n  P 

Mq  ,  My  ,  Zv  ,  Za  ,  K 

CP 

Mq  >  My  ,  Zy  ,  Xy  ,  Xa  ,  Za 

^■-  '  % 
t>  'fj 

ji*  •  .<£ 

I'  >‘  | 

?  The  coefficients  with  relative  sensitivities  greater  than  0.1  are  | 

summarized  in  Figure  74  for4)n  .^nst3>  ^p  ^  3 sp-  The  minimum  re-  jj 

|;  quirements  are  shown  for  UJ  ns  ^and  Sp.  That  for  the  phugoid  damping  f 

_',.  Level  3  occurs  at  *5p  =  -0.72 5  and  has  not  been  shown.  All  of  the  1 

minimum  longitudinal  flying  qualities  requirements  in  this  figure  are  I 

expressed  in  terms  of  the  baseline  frequencies.  No  requirement  for  I 

phugoid  frequency  is  applicable.  Since  the  phugoid  roots  are  all  com¬ 
plex,  the  only  Level  3  requirement  which  applies  is  that  for  phugoid 
damping .  ) 

It  is  noted,  that  the  coefficients  shown  as  being  most  influential 
on  these  flying  qualities  are  not  necessarily  those  normally  dominant  i 

in  the  conventional  flight  regime.  Nor,  has  the  present  study  been  :| 

sufficiently  exhaustive  to  assure  that  these  terms  predominate  the  STOL  J 

flight  regime  and  all  possible  c.g.  positions.  They  are  however  repre-  f 

sentative  of  the  trim  condition  at  which  this  study  was  conducted  and  ] 

represent  the  effect  of  coefficient  variations  about  that  point. 

COEFFICIENT  ACCURACY  REQUIREMENTS  -  BASELINE  AUGMENTED  AIRCRAFT 

In  determining  coefficient  accuracy  requirements  for  the  baseline 
augmented  aircraft,  coefficient  gain  margins  (CMC)  were  determined  for 
each  of  the  coefficients  with  respect  to  either  sensitive  lateral - 
directional  or  longitudinal  flying  qualities.  The  DMC  were  determined 
for  each  of  the  lateral -directional  and  longitudinal  coefficients  with 
respect  to  Level  T  requirements.  In  addition,  the  coefficient 
sensitivities  (SENS)  were  also  defined  in  each  axis  for  the  baseline 
augmented  vehicle. 


LATERAL- DIRECTIONAL 

'Hie  data  analysis  for  the  baseline  augmentation  system  utilized  a 
three-step  procedure  for  each  coefficient  value  investigated.  This  proce¬ 
dure  involved  a  matrix  computation  for  Tp,  l/rs.  w nd  ;mdx/0/wncj  for 
a  given  aerodynamic  coefficient  value.  If  the  Level  1  requirements  .were 
met  for  each  of  these  parameters,  pulse  and/or  step  time  histories  were 
r.j.  to  r.tablish  such  parameters  as  0osc/0av  »  t3u»  x\%\*  > 

and  * 

The  order  in  which  step  or  impulse  time  histories  were  run  varied  with 
the  type  of  coefficient  being  investigated.  If  at  any  time  during  this 
analysis  procedure  appropriate  level  requirements  were  not  met,  the 
augmentation  system  was  redefined  in  terns  of  either  a  gain  change  or 
configuration  revision  and  the  analytical  process  was  repeated.  No 
additional  data  were  run  in  terms  of  time  histories  for  augmentation  con¬ 
figurations  not  meeting  Level  1  requirements.  The  data  run  in  this 
mannor  for  the  baseline  augmented  configuration  are  presented  in  Table 
XVI.  The  sensitivities  and  gain  margins  in  this  table  are  for  the 
control  systems  of  Figures  1  and  2.  The  gains  for  the  baseline  configura¬ 
tion  are  shown  in  Table  XVII, 
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TABLE  XVII 


SIMMY  OF  LATERAL  -'DIRECTIONAL  AUGMENTATION  GAINS 


Coefficient 

Kpa 

Kr 

^ny 

Krh 

Kp. 

K/jr 

KJr 

Units 

Sec 

Sec 

Rad/g 

Sec 

Nondim 

Non-li  ;■ 

Nondim 

Baseline 

0.85 

3.5 

1.75 

0.80 

5  Lp 

-1.98 

3.5 

1.75 

0.80 

1/5  Lp 

Same  as  baseline 

case 

5  Lr 

0.85 

3.5 

1.75 

5.4 

1/5  Lr 

1.60 

3.5 

1.77 

0.0 

-3  Lr 

0.85 

3.5 

1.75 

-3.45 

5  lp 

0.85 

3.5 

1.75 

0.80 

-3.384 

0.10685 

1/5 

0.85 

3.5 

1.75 

1.2 

-3  lfi 

0.85 

3.5 

1.75 

0.80 

3.384 

-0.10685 

5  Lda 

0.17 

3.5 

1.75 

0.16 

1/5  lia 

0.85 

3.5 

1.75 

3.5 

5  L<r 

0.85 

3.5 

1.75 

0.80 

-0.946 

1/5  Ldr 

0.85 

3.5 

1.75 

1.0 

-3  Ldr 

0,85 

3.5 

1.75 

0.80 

0.946 

5  Np 

Same 

as  baseline  case 

1/5  Np 

Same 

as  baseline  case 

-5  Np 

0.85 

3.5  . 

1.75 

1.2 

5  Nr 

2.0 

3.5 

1.75 

0.0 

1/5  Nr 

0.85 

3.5 

1.75 

1.1 

5  % 

0.85 

3.5 

1.75 

1.5 

1/5  Up 

0.85 

3.07 

1.83 

0.8 

5  N#a 

Same 

as  baseline  case 

1/5  'ila 

Same 

as  baseline  c- 

’S'. 

~3  Nda 

0.85 

3.5  | 

5  .75 

1.0 

5  'Air 

0.85  j 

3.5  1 

1.75 

1.0 

1/5  Nir 

Same 

as  baseline  case 

5  Yp 

0.85 

3-5 

1.75 

1.0 

1/5  ip 

0.85 

1.12 

1.89 

0.80 

S  Ur 

0.85 

0.70 

0.35 

Q.P 

1/5  Y<r 

Sane 

as  baseline  cns: 

0.0895 
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To  the  extent  of  the  data  available.  Table  XVI  shows  the 
sensitivities  and  coefficient  gain  margins  for  each  of  the  flying 
If  qualities  parameters.  The  sensitivities  indicated  are  those  for  a  ±50 

percent  excursion  about  the  baseline  value  for  each  coefficient.  If  the 
EMC  was  violated  at  any  time  during  the  range  of  coefficient  values 
investigated  these  are  also  shown.  In  many  cases  the  augmented 
sensitivities  are  quite  small  and,  as  a  result,  the  gain  margin  was  not 
encountered  over  the  range  of  the  coefficient  values  investigated. 

This  table  also  summarizes  the  limitations  of  the  baseline  augmenta¬ 
tion  system.  For  each  coefficient  it  identifies  the  multiple  for  which 
the  NHQ  was  not  met,  it  identifies  the  flying  qualities  parameter  not 
meeting  the  requirement  and  summarizes  the  changes  accomplished  to  meet 
the  MIQ  by  identifying  whether  a  simple  gain  change  was  necessary  or 
whether  ru.3f»>itin*  of  the  augmen'  it.ion  system  was  required.  The  figures 
on  which  the  fir  u  veiSx  is  of  au;.,  station  systems  meeting  all  Level  1 
requirements  eve  also  identified. 

Figures  /5  through  78  show  the  effect  of  baseline  augmentation  on  the 
sensitivity  (SENS)  of  Tr,  l/fs,  'Sd  and  &>  „<*  for  each  of  the  lateral - 
directional  coefficients.  In  all  cases,  the  flying  qualities  sensitivity 
is  increased  with  augmentation  on  for  the  control  surface  coefficients, 

E$a>  Egr,  Nfa,  N£r,  and  Y$r.  This  result  is  to  be  expected  since  these 
coefficients  do  not  affect  the  denominator  roots  of  the  unaugmented  lateral 
transfer  function. 

In  nonpar ing  the  flying  qualities  sensitivities  of  the  unaugmented 
to  the  augmented  aircraft,  the  addition  of  augmentation  reduces 
sensitivity  for  all  the0 coefficients  except  for  the  control  surface 
coefficients.  With  respect  to  Or,  1/TS,  and^,  sensitivities  are  in¬ 
creased  substantially  for  Y4  with  augmentation  operative.  The  rolling 
and  yawing  moment  coefficients  sensitivities  f'orTg,  l/rs  and^n,  may 
increase  or  decrease  thus  affecting  the  order  of  importance  of  tne 
coefficients  with  respect  to  flying  qualities  sensitivity.  Table  XVIII 
sunenarizes  the  order  of  importance  of  the  lateral -directional  coefficients 
on  Tr,  1/Ts»  ^d  andwnd  *or  the  baseline  augmented  aircraft. 


Additional  results  shown  in  these  figures  indicate  that  some  other 
significant  changes  in  the  order  of  importance  5f  the  coefficients  on 
flying  qualities  are  realized  by  the  addition  of  baseline  augmentation. 
The  largest  changes  in  sensitivity  occur  for  lr  and  Np  with  respect  to 
1/Ts,  with  respect  to ,  and  N>  ,  Lg  ,  and  4,  with  resj'e'*  told. 
Table  XIX  summarizes  the  important  coefficients  with  -esrect  ,  "re, 
l/rs,^nd  and  *$d. 


Twenty-two  of  the  twenty-nine  cases  studied  for  the  lateral -direc¬ 
tional  parameter  variation  required  augmentation  analysis  due  to  the 
failure  of  baseline  augmentation  of  achieving  satisfactoty  flying  quality 
responses.  Of  the  22  cases,  fourteen  only  required  minor  adjustments  to 
tire  baseline  roll  augjnentation  system  gains  to  satisfy  spiral  mode  time 
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Figure  75.  Baseline  Lateral-Directional  Augmentation  Effects  on  Coefficient  Sensitivities 
for  Spiral  Mode  Time  Constant. 


Figure  77.  Baseline  LateraL-Directional  Augmentation  Effects  on  Coefficient 
Sensitivities ' for  Dutch  Roll  Natural  Frequency. 
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TABLE  XVIII 

COEFFICIENTS  IN  ORDER  OF  IMPORTANCE  FOR  BASELINE  AUGMENTED  AIRCRAFT  RESPONSE 


Flying 

Qualities 


\  Y#r 


Nr  N^j  N$a  N<f 


Tp  R.  S, 

R  O.O.I. 


i /  R.S. 

A;  O.O.I. 


>  R.S. 
d  O.O.I. 


-0.41 

4 


.08  1.0 

0  1 


-0.39  -0.69 
5  3 


0.78  0.30  0.31 
3  7  6 


-0.56 

0.28 

4 

6 

wn,  R.S. 
nd  O.O.I, 


0.338  0.26  -0.27  0.22  -0.26  0.55 

5  7  6  9  8  2 
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TABLE  XIX 

BASELINE  AUGMENTED  1ATERAL -DIRECTIONAL  COEFFICIENTS 
FOR  DEFINITION  OF  ACCURACY  REQUIREMENTS  VERSUS 
FLYING  QUALITIES  PARAMETERS 


H.q. 

PARAMETERS 

AERODYNAMIC  COEFFICIENTS 

rR 

l.p»  L<r.  Nr,  Y0  >  ^0 

1/Ts 

Lr,  Ur,  L*a,  Nr,  N,  N* 

•  *d 

Njj- ,  Lp ,  ,  N^,  Lr,  Lp,  Y$j- 

Yys»  N^j,  Y<r,  Njj.,  Lr,  L^a>  L^j,  l^r 

constant  requirements.  Of  the  eight  remaining  cases,  three  required 
adjustments  to  the  yaw  augmentation  system  gains  in  order  to  improve  dutch 
roll  damping  characteristics.  For  the  largest  value  of  L$a  studied,  it 
was  necessary  to  lower  the  roll  augmentation  gains  to  compensate  for  the 
increased  effectiveness  of  the  ailerons.  Hie  four  remaining  cases, 
upper  and  lower  limit  and  Lfr  cases,  were  augmented  by  the  simultaneous 
solution  of  aerodynamic  coefficient  method.  In  both  cases  additional 
feedbacks  were  added  to  the  laternl -directional  baseline  augmentation 
system.  A  summary  of  the  revised  lateral -directional  gains  is  given  in 

Tnkl  a  VW TT  °  & 


LONGITUDINAL 

The  data  presented  in  this  section  are  those  for  the  control  and 
augmentation  system  defined  in  Figure  3. 

The  sensitivities  and  gain  margins  for  the  longitudinal  coefficient 
variations  are  presented  in  Table  XX.  Cases  where  the  coefficient  gain 
margins  referenced  to  Level  1  requirements  are  so  large  that  they  were 
not  violated  over  the  variation  ranges  are  indicated  as  LDM. 

These  data  show  that  the  augmentation  system  is  most  sensitive  to 
coefficient  changes  which  significantly  affect  the  phugoid  damping.  The 
second  greatest  control  system  sensitivity  results  from  coefficient 
variations  affecting  short  period  frequency. 

In  general,  taseline  augmentation  proved  to  be  very  successful  in 
augmenting  the  ai  craft  with  variations  in  the  longitudinal  coefficients. 
In  several  cases  where  unstable  phugoid  roots  were  present  for  the  basic 
aircraft,  baseline  augmentation  was  unable  to  provide  satisfactory  longi¬ 
tudinal  response  characteristics.  However,  with  the  addition  of  an 
attitude-hold  loop  to  the  pitch  augmentation  system,  these  cases  were 
satisfactorily  augmented.  For  a  small  value  of  M&>>  results  indicate 
that  it  may  become  necessary  to  add  augmentation  to  the  horizontal 
stabilizers  due  to  the  decreased  pitching  moment  capability  of  the  eleva¬ 
tors.  A  summary  of  the  longitudinal  parameter  variation  gains  is  given 
in  Table  XXI.  s  s 


The  change  in  coefficient  sensitivities  resulting  from  the  addition 
of  baseline  augmentation  is  shown  in  Figures  79  through  81.  In  general 
these  data  show  that  baseline  augmentation  significantly  reduces  velocity 
and  rotational  moment  and  force  coefficient  sensitivities  over  those  for 
the  unaugmented  vehicle  and  increases  moment  and  normal  force  elevator 
effectiveness  coefficient  sensitivities. 

The  effect  of  baseline  augmentation  on  coefficient  sensitivities 
for  the  phugoid  damping  is  summarized  in  Figure  79.  Significant  reduc¬ 
tions  in  sensitivities  for  Zy,  lot,  Mu  and  My  are  achieved.  The 

X* ,  and  are  increased,  Ine  most  important 
coefficients  in  influencing  are  Xy,  X*  and  M<fc  . 
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V-OV-iy^'V-V . ,  >  t'f >■'  <■  ;;5, 


Baseline 


-5  xv 
10  xv 

-5  X, 

5  X* 

Zero  X<sH 
5  X6H 
Zero  Zv 
100  Zy 
Zero  Z. 

5  Za 
Zero  Z6 

5  V 

Zero  Z(5H 
5  Z6H 
-10  My 
10  My 
*5  M* 

5  M  4- 
*10  -M* 
200  M« 
Zero  Mq 
10  Mq 
Zero  Mjp 
5  M® 

Zero 
S  M6{j 


TABLE  XXI 


SUMMARY  OF  LONGITUDINAL  AUGMENTATION  GAINS 


Coefficient 

Kq 

Units 

Inch-Sec. 

Inches  Inc- Sec. I  Rad- In. 


Same  as 
40.0 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
Same  as 
150.0 
Same  as 
100.0 
Same  as 
40.0 
0.0 

Same  as 
Same  as 
0.0 

Same  as 
Same  as 
Same  as 


.0 

baseline  case 

1  0.0  1 

baseline  case 
baseline  case 
baseline  case 
baseline  case 
baseline  case 
baseline  case 
baseline  case 
baseline  case 
baseline  case 
baseline  rase 
baseline  case 

I  I 

baseline  case 

t  0.0  .  | 

baseline  case 
0.0 
0.0 

baseline  case 
baseline  case 

I  0.0  1 

baseline  case 
baseline  case 
basoline  case 


NA 

51.78 

NA 

NA 

NA 


iseline  Pitch  Augmentat 
for  Short  Period  Dar  n: 


Similar  results  are  observed  for  the  short  period  frequency  a?  shown 
in  Figure  80.  For  this  flying  qualities  parameter  ihe  addition  of 
baseline  augmentation  reduces  all  moment  and  force  coefficient  sensitivities 
to  +0.01  except  for  Mq  and  Mge.  The  sensitivity  for  NL  is  decreased  50 
percent  to  0.13  and  that  for  Mge  is  increased  to  0.5.  . His  effective 

increase  in  the  sensitivity  of  M$e  makes  this  the  most  significant 
coefficient  in  influencing  short  period  frequency.  Mq  is  next  in 
importance  in  influencing  WnSp. 

In  terms  of  coefficient  sensitivities  affecting  short  period  damping; 
Figure  81,  the  baseline  augment  it ion  system  reduces  all  axial  and  normal 
force  and  moment  coefficient  sensitivities  by  factors  in  excess  of  ,-jL- 
of  their  unaugmented  values  except  for  Particularly  significant0 
decreases  in  sensitivities  occur  for  Zy,  Z«*  ,  My,  ,  and  Mj*.  For  short 
period  damping  the  addition  of  baseline  augmentation  reduces  all  moment 
and  force  coefficient  sensitivities  to  less  than  +0.01  except  for  Mge 
which  is  increased  to  *0.23.  The  minus  sign  associated  with  the  sensi¬ 
tivity  for  Mge  indicates  that  a  prediction  error  in  this  coefficient 
which  results  in  an  increase  in  the  baseline  value  of  Mse  would  reduce 
the  augmented  ^Sp  and  conversely  a  coefficient  prediction  error  result¬ 
ing  in  a  reduction  in  the  baseline  valut  of  Mge  would  increase  the  augment - 
ed  £cp.  The  most  important  coefficient  in  influencing  short  period 
damping  is  M$e* 
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Section  IV 

SUMMARY  AND  RECOMMENDATIONS 


BASELINE  VEHICLE  CHARACTERISTICS 


In  the  lateral -directional  axes  the  unaugmented  baseline  vehicle 
exhibits  marginally  stable  dutch  roll  damping,  low  frequency,  excellent 
roll  response  in  terms  of  time  constant  and  control  effectiveness, 
slightly  unstable  spiral  mode  roots,  low  rudder  effectiveness  and  slight¬ 
ly  high  sideslip  excursion  characteristics.  The  unaugmented  baseline 
vehicle  was  shown  to  either  meet  or  exceed  the  minimum  flying  qualities 
requirement  specified  for  augmentation  failure  mode  operation  m  an  cases 


except  yaw  control  effectiveness  and 


AA 


12*2. 


<h 


A 
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The  baseline  augmentation  for  this  vehicle  was  designed  around  these  unaug¬ 
mented  characteristics  to  either  meet  or  exceed  Level  1  requirements.  This 
objective  was  achieved  in  all  cases  except  that  for  rudder  control  effec¬ 
tiveness. 


In  terms  of  the  Level  1  requirement  of  Reference  (1)  the  rudder 
effectiveness  is  approximately  30  percent  low.  As  a  result  of  analysis 
conducted  for  this  study  it  has  been  shown  that  a  control  system,  either 
unaugmented  and/or  augmented,  can  be  designed  to  include  control  blending 
techniques  to  increase  rudder  effectiveness.  However,  the  increase  u 


rudder  effectiveness  which  can  be  gained  in  this  manner  is  considerate'/ 
short  of  the  30  percent  required.  While  the  scope  of  this  analysis  was  not 
sufficiently  broad  to  define  the  actual  increment  which  can  be  achieved, 
it  is  estimated  that  any  increased  rudder  effectiveness  achieved  in  this 
manner  would  be  on  the  order  of  10  percent  over  that  designed  into,  the 
baseline  vehicle. 


The  unaugmented  longitudinal  axis  of  the  baseline  vehicle  exhibits 
real  short  period  roots  and  almost  neutral  phugoid  damping.  Because  of  an 
IFR  requirement  in  the  terminal  flight  phase,  the  unaugmented  longitudinal 
short  period  handling  qualities  of  this  vehicle  were  referenced  to 
level  2  IFR.  In  the  case  of  the  short  period  frequency  this  requirement 
is  not  met  for  the  baseline  configuration,  as  a  result,  a  fail  operational 
longitudinal  augmentation  system  would  be  a  requirement.  The  baseline 
augmentation  system  was  designed  to  increase  short  period  frequency  and 
reduce  dating.  With  respect  to  the  phugoid  roots,  augmentation  reduces 
frequency  and  increases  damping.  In  all  flying  qualities  areas  investi¬ 
gated  baseline  augmentation  meets  or  exceeds  ail  Level  1  requirements. 

In  terms  of  augmentation  systems,  these  study  results  have  shown 
that  in  order  to  meet  terminal  flight  phase  requirements  of  Reference  (1) 
the  pitch  and  yaw  augmentation  systems  must  be  fail  operational.  This 
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requirement  would  assure  adequate  aircraft  flying  qualities  with  respect 
to  the  sideslip  excursion  requirements  and  those  for  short  period  fre¬ 
quency.  The  study  has  also  shown  that  the  required  increase  in  rudder 
effectiveness  cannot  be  achieved  solely  by  control  blending  and  that  addi¬ 
tional  rudder  effectiveness  must  be  designed  into  the  baseline  configura¬ 
tion  . 


COEFFICIENT  PREDICTION  ACCURACY  GUIDELINE 


A  guideline  v-  is  established  to  assess  coefficient  prediction  accuracy 
requirements  for  any  specific  baseline  aircraft.  This  guideline  requires 
apriori  knowledge  of  handling  qualities  parameter  values  for  the  vehicle 
being  analyzed,  as  well  as,  knowledge  of  the  sensitivity  of  the  handling 
qualities  parameter  to  a  given  coefficient  as  defined  in  this  report. 

This  coefficient  prediction  accuracy  (PA)  guideline  appears  most  useful  in 
refining  a  given  baseline  configuration.  It  is  expressed  in  terms  of 
parameter  sensitivity,  SENS,  and  the  non-dimensionalized  deviation  of  the 
handling  qualities  parameter  from  the  minimum  allowed,  or  minimum  desired, 
value  of  the  parameter.  In  equation  form  predictic-  accuracy  is: 


RPA 


JL 

SENS^ 


Hl 

Fk 


AP 

S  ENSy 


| 

| 


Assuming  the  accuracy  of  predicting  a  given  force  or  moment  coefficient 
is  known,  then  the  above  equation  can  be  turned  around  to  solve  for  the 
maximum  allowed  deviation  of  the  particular  flying  qualities  parameter 
from  the  specification  or  desired  value  of  the  parameter,  AP.  This  value 
then  becomes  the  design  objective  or  guideline,  <ind  as  such,  incorporates 
a  correction  to  the  minimum  flying  qualities  requirement  which  account 
for  realistic  and  achievable  coeiticient  prediction  accuracies  based  on 
the  method  in  whiJi  these  coefficients  are  derived. 

Ntost  studies  previously  conducted  to  deteimine  accuracy  requirement 
guidelines  consider  only  the  sensitivities  of  flying  qualities  para¬ 
meters  to  certain  coefficients.  The  guideline  presented  in  this  study 
also  considers  the  baseline  vehicle  flying  qualities  in  relation  to  o 
desired  performance  level.  'Hu4  periorwanee  levels  designed  to  cm)  be 
those  specified  by  the  applicable  military  specification  or  some  other 
flying  qualities  design  limit  to  which  the  designer  is  working. 

The  above  type  of  guideline  is  a  linearized  nonlinear  function  and  as 
a  result,  gives  only  approximate  results,  (lie  inaccuracies  of  this  type 
of  approach  can  be  minimized  by  measuring  the  sensitivities  over  the 
accuracy  range  of  interest,  in  this  study  all  sensitivities  discussed 
are  measured  over  a  *50  percent  band.  For  most  coefficient*:  this  results 
in  very*  small  errors “when  accuracy  requirements  within  this  band  are 
being  investigated.  The  data  contained  in  this  report  permit  other 
measurements  for- sensitivities  over  a  range  of  several  hundred  percent 
in  most  cases. 
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PREDICTION  ACCURACY  REQUIREMENTS 


For  the  unaugmented  vehicle  there  are  ten  lateral -directional 
coefficients  with  relative  sensitivities  greater  than  0.25;  these  require 
consideration  of  prediction  accuracy.  These  areL^g ,  Lp,  Lr,  lga>  Lgr, 

N/s ,  Np,  Nr,  N<yr,  and  Y,g  .  In  the  longitudinal  mode  there  are  six,  M y, 

Mq,  Mot,  Zy,  Zct  and  Xy.  Tiie  importance  of  the  accuracy  requirement  for 
each  of  these  coefficients  varies  with  the  flying  qualities  parameter 
being  assessed. 

In  the  lateral -directional  axes  the  most  stringent  coefficient 
accuracy  requirements  for  the  NR  MST  are  imposed  by  the  tS}  ipti  1 and 

|^f|*!f-ld  requirements.  The  accuracy  requirements  for  the 

coefficients  affecting  ts  and  t30  were  defined,  the  minimum  j flying 
qualities  for  the  unaugmented  vehicle  were  not  met  for  fit  2^31^  — 
and  as  a  result  these  accuracy  requirements  could  not  be  <Pi I  AJ 

established.  For  tlie  baseline  unaugmented  vehicle  no  lateral -directional 
prediction  accuracy  requirements  less  than  20  percent  are  indicated 
for  those  coefficients,  whose  accuracy  requirements  were  established. 

In  the  longitudinal  mode  all  coefficient  accuracy  requirements  for  the 
baseline  unaugmented  vehicle  were  in  excess  of  100  percent  except  for 
coefficients  influencing  wnsp*  The  accuracy  requirements  for  this  para¬ 
meter  were  not  determined  since  the  appropriate  performance  level  was 
net  achieved. 

The  addition  of  baseline  augmentation  in  both  the  lateral -directional 
and  longitudinal  axes  reduces  the  prediction  accuracy  requirements  of 
most  coefficients  with  respect  to  their  unaugmented  values  except  the 
control  effectiveness  terms  Mfe,  I. fa  and  Nfr,  and  the  cross  coupling 
terms  Lgr,  Nfa>  Ygr.  The  sensitivities,  and  as  a  result,  the  prediction 
accuracy  requirements  of  these  coefficients  are  generally  increased 
by  augmentation.  While  the  addition  of  baseline  augmentation  effective¬ 
ly  reduces  the  prediction  accuracy  requirements  of  most  coefficients,  it 
does  necessitate  consideration  of  a  greater  number  of  coefficients  in 
terms  of  prediction  accuracy  requirements.  The  coefficients  with  relative 
sensitivities  larger  than  0.25  for  the  augmented  lateral -directional 
axis  are  Lp,  Lr,  L/3,  LSa,  Ur,  Np,  Nr,  N^,  Nga,  NSr,  Y/3  and  Ygr.  For 
the  augmented  longitudinal  mode  these  are  My,  Mq,  Mdc,  Mfe  >  Zoc ,  Xy  and  Xt*  . 

In  addition  to  decreasing  the  prediction  accuracy  requirements  of 
most  rotary  and  velocity  related  coefficients,  augmentation  also  results 
in  a  corresponding  increase  in  the  performance  level  which  can  be  achieved. 
As  a  result,  the  augmented  coefficient  design  margin,  DMC,  no  longer 
represents  an  accuracy  requirement,  more  significantly  it  represents  a 
gain  level  or  margin  in  the  case  of  coefficients  which  are  inside  a  closed 
aerodynamic  loop.  In  the  case  of  control  effectiveness  coefficients  these 
are  open  loop  and  the  DMC  associated  with  these  terms  for  the  augmented 
configuration  do  represent  coefficient  prediction  accuracy  requirements. 


FLIGHT  CONTROL  SYSTEM  SENSITIVITY 

These  study  results  indicate  that  the  augmented  flight  control  system 
designs  are  generally  insensitive  to  variations  in  aerodynamic  coefficients 
which  are  independent  of  force  or  control  moment  generation.  In  both  the 
lateral-directional  and  longitudinal  axes  large  coefficient  excursions  were 
required  in  all  cases  before  major  control  system  configuration  revisions  were 
needed.  The  inherent  function  of  the  baseline  augmentation  system  design  is  the 
reduction  of  linear  and  angular  velocity  force  and  moment  aerodynamic  coef¬ 
ficient  sensitivities  (uncontrolled  variables)  to  values  less  than  those  for 
the  control  effectiveness  sensitivities  (controlled  variables)  thus  providing 
a  method  of  adjusting  a  large  variety  of  handling  qualities  parameters  to  a 
desired  performance  level. 

For  the  baseline  augmentation  systems  the  greatest  sensitivity 
encountered  was  in  relation  to  coefficient  variations  affecting  the  spiral 
mode  time  constant  in  the  lateral -directional  axes  and  those  affecting 
phugoid  damping  in  the  longitudinal  axis. 

For  all  coefficient  variations  the  flight  control  system  sensitivity 
proved  to  be  a  function  of  both  coefficient  variation  sensitivity  and 
augmentation  gain  margin.  The  coefficients  with  the  largest  relative 
sensitivities  were  not  necessarily  those  which  required  augmentation  gain 
changes.  In  some  cases  gain  changes  were  required  for  coefficient  varia¬ 
tions  with  lesser  sensitivities  simply  because  the  baseline  gain  margins 
were  smaller. 

In  the  lateral -directional  axes,  these  we're  Lr,  L#,  L$a,  Nr  and  Nir. 
Variations  in  these  coefficients  from  5  to  50  percent  resulted  in  the  need 
for  augmentation  gain  redefinition.  All  other  coefficient  variations 
were  in  excess  of  +50  percent  before  a  gain  change  was  required.  Very  large 
excursions  for  several  coefficients  resulted  in  the  need  for  revision 
of  augmentation  loops  as  well  as  gain  changes.  In  the  lateral -directional 
axes  these  included  5  Ip,  -31/3,  1/5  L§a>  5  Lgj-»  1/5  Nsr  and  NfirBL*  The 
5  I.p  and  1/5  L$a  cases  required  revision  of  the  augmentation  loops  to 
meet  the  t3Q  requirement.  The  -3  L/j  case  required  addition  of  a  beta 
feedback  into  roll  to  satisfy  the  0osc/0av  requirement.  The  5  Ljr  resulted 
in  the  necessity  of  destabilizing  the  spiral  mode,  The  1/5  N£r  and  baseline 
N$r  cases  require  improvement  (aircraft  redesign)  to  meet  the  requirement 
for  *n  all  other  cases  either  baseline  augmentation  or  minor  changes 
in  gains  associated  with  baseline  augmentation  provided  satisfactory 
response  characteristics. 

In  the  .longitudinal  axis  the  greatest  FCS  sensitivity  resulted  from 
variations  in  Xv»  X<x  and  M$e.  The  FCS  sensitivity  to  variations  in  all 
other  coefficients  was  in  excess  of  +100  percent.  For  very  large  co¬ 
efficient  excursions  in  several  cases  augmentation  loop  revision  as  well 
as  gain  changes  wore  necessary.  These  included  -5  Xv,  -5  X$,  and  200  Mcc « 

For  each  of  these  cases  the  need  for  revision  resulted  front  phugoid  mode 
damping  requirement. 


RECOMMENDATIONS 


As  a  result  of  this  study,  several  areas  for  further  investigation 
are  suggested  for  STOL  flying  qualities  definition  or  improvement , 

1.  Study  results  have  shown  that  highly  damped  spiral  mode  roots 
are  undesirable  in  that  they  result  in  bank  angle  bleed- off  after 
a  wheel  command.  It  is  suggested  that  appropriate  analyses  be 
conducted  to  establish  a  maximum  stability  limit  on  this 
flying  qualities  parameter.  In  determining  this  limit,  the 
0osc/0av  limits  should  be  considered  since  the  data. analysis 
of  this  study  indicates  that  a  correlation  exists. 

The  prediction  accuracy  guideline  defined  in  this  study  should 
be  incorporated  into  existing  aerodynamic  coefficient  prediction 
computer  programs.  Utilizing  this  guideline  during  the  initial 
design  phases  will  tend  to  minimize  under  or  over  design  and  thus 
facilitate  configuration  definition. 

3.  Validate  the  sensitivities  of  this  report  by  calculations  based 
on  another  baseline  aircraft.  If  significant  differences  exist 
identify  the  performance  and/or  configuration  changes  which 
result  in  these  differences  and  develop  coefficient  sensitivity 
spectra. 

4.  Develop  a  generalized  method  of  augmenting  STOL  aircraft  to 
further  reduce  flight  control  system  sensitivity  to  variations  in 
aerodynamic  coefficients  affecting  spiral  mode  time  constant  and 
the  phugoid  mode  damping  ratio.  One  solution  for  desensitizing 
these  areas  would  be  the  development  of  appropriate  gain  sche¬ 
dules  which  permit  a  known  coefficient  tolerance  band  throughout 
the  operational  flight  regime.  Another  perhaps  more  effective 
way  would  be  to  attack  the  problem  of  desensitizing  the  critical 
coefficients  by  defining  augmentation  loops  and/or  gains  for 
achieving  this  purpose.  A  study  needs  to  be  conducted  which 
will  examine  both  these  approaches  to  determine  which  yields 

the  best  results.  Some  work  along  these  lines  has  been  conducvtd 
in  this  study.  Appendix  I  contains  an  equation  which  would  prove 
useful  in  defining  a  gain  schedule  for  the  spiral  mode  damper. 

5.  Approximate  equations  for  applicable  flying  qualities  parameters 
should  be  defined  in  terms  of  aerodynamic  coefficients.  These 
equations  should  be  based  on  STOL  characteristics  and  provide 
reasonable  accuracy.  In  a  number  of  cases  during  this  study  the 
approximate  equations  of  Reference  (5)  were  compared  with  3  or 

6  DOF  matrix  solutions.  In  general,  these  comparisons  resulted 
in  such  poor  correlation  that  no  significant  conclusions  could 
be  drawn. 

6.  Evaluate  appropriate  STOL  coefficient  prediction  techniques  against 
wind  tunnel  and/or  flight  test  data  to  define  realistic  and  achiev¬ 
able  prediction  accuracies  possible  for  given  coefficients. 
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APPENDIX  I 


NUMERICAL  EXAMPLE  FOR  STABILIZING  SPIRAL  MODE  TIME  CONSTANT 

Using  the  method  outlined  in  Section  II  of  this  report,  an  equation 
solving  for  Krh,  the  yaw  rate  feedback  gain  in  the  roll  augmentation  sys¬ 
tem,  can  be  derived  which  makes  1/ts  equal  to  zero. 


Krh  =  (%a)  (sin  8) 


(N1)(N2)-(N3)  (N4)-N5 
95.6  (D1+D2) 


(AI-1) 


The  variables  used  in  the  above  equation  are  defined  below. 


N1  =  Lp  (sin  0) -Lr 

N2  =  -Np  +  Kny  $  [(Np)  (Y8r)-(N8r)  dfi  )] 

(AI-2) 

(AI-3) 

N3  »  Np  (sin  0)  -Nr 

CAI-4) 

N4  =  Lp  +  Kny  (|)  [(Lp)  (Yfir)  -  (L8r)  (Yp)] 

(AI-5) 

NS  =  Kny  (|)  (Yr)  [(Lp  )  (N8r)-(L8r)  (Np)] 

(AI-6) 

1)1  -  (Np)  (L8a)  -  (NSa)  (Lp  ) 

(AI-7) 

U2  «  Kny  (j)  [(Lp)  (NSa)  (Y8r)  -  (Np)  (Y8r)  (L8a)  + 

(Yp)  (L8a)  (N8r)-(Yp)  (N6a)  (Lsr)] 

(AI-8) 

As  a  numerical  example  of  equation  (AI-1),  the  values  of  the  baseline 
flight  condition  can  be  substituted  into  equations  (AI-2)  through  (AI-8), 
Using  the  baseline  values  for  Kpa  and  Kny  augmentation  gains,  initial  trim 
velocity  for  V  and  the  trim  pitch  attitude  angle  for  0,  a  value  of  Krh  is 
computed  to  be  1.05.  This  value  compares  favorably  with  the  baseline 
value  of  0,8  as  determined  by  root  locus  techniques.  With  the  present 
baseline  value  of  Krh  o£  0.8,  1/ts  is  measured  to  be  0.0298  which  meets 
Level  1  requirements.  If  Krh  increased  to  1.05  it  is  expected  that 
l/rs  would  be  very  close  to  zero. 
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APPENDIX  II 


EXAMPLE  OF  SIMULTANEOUS  SOLUTION 
OF  AERODYNAMIC  COEFFICIENT  METHOD 

In  utilizing  the  simultaneous  solution  of  aerodynamic  coefficient 
method  for  determining  necessary  augmentation  feedbacks  and  gains, 
consider  the  3  DOF  rolling  moment  and  yawing  moment  equations.  The  method 
demonstrated  here  is  simplified  in  that  the  side  force  equation  is  not 
included  in  the  analysis.  Deleting  this  equation  gives  approximate 
results  which  in  many  cases  proved  sufficient. 


P  ~  (L^) /S  +  (Lp)  p  +  (L^.)  r  (Lga)  6  (L8r)  6  j- 

r  =  (N +  (Np)  p  +  (Nr)  r  +  (N5a)  <Ja  +  (N$r)  6r 


(AII-1) 
(All -2) 


This  approach  assumes  that  only  variations  in  either  rolling  moment 
or  yawing  moment  coefficients  are  going  to  be  examined  and  that  the  new 
augmentation  will  not  have  a  large  effect  on  the  side  force  equation. 

When  side  force  coefficient  variations  such  as  Y^,  Yr  and  Ysr  were  analyzed 
the  side  force  equation  was  included  in  the  analysis. 

For  the  baseline  augmentation  system,  simplified  equations  for  8a 
and  8r  can  be  written  by  ignoring  control  system  actuator  lags  but  taking 
into  account  any  low  frequency  shaping  designed  into  these  systems. 

fia  =  95.6  ^(Kpji)  p  +  (Kjh)  rj  (All -3) 

8r  ■  (Kny)  ny  +  — (Kr)  r  (AII-4) 

Now  consider  the  case  where  a  variation  in  the  value  of  Lp  is  analyzed. 
Denoting  the  new  value  of  In  as  (L/3  +  A  Lp  )  and  assuming  the  baseline 
augmentation  loops  with  0  feedbacks  in  both  the  roll  and  yaw  augmentation, 
to  compensate  for  the  change  in  L^  ,  the  aileron  and  rudder  deflections 
can  be  written. 

6a’  =  95.6  [(Kpa)  p  *  (Krh)  r]  ♦  (Kp)fi  (All -5) 

6r’  «  (Kny)  ny  +  (Kr)  r  +  (K&O0  (All -6) 

l/j'  m  lp  +  Alp  (All-?) 
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Substituting  equations  (AII-5),  (Ail-6),  and  (All -7)  into  equations 
(All -1)  and  (All -2),  and  then  set  these  two  new  equations  equal  to  equa¬ 
tions  (All -1)  and  (AII-2)  respectively,  the  following  relations  result. 

(LjQ  +  ALp')0  +  (Lp)  p  +  (Lr)  r  +  Lga  [§a  +  (KfrJ/Sj  +  L8r  [fir  +  (K/Jr)/?] 

(L&Q+  (Lp)  p  +  (Ly)  r  +  (Lfia)  6a  +  (Lsr)  6r  (All -8) 

Q*p)0+  (Np)  p  f  (Nr)  r  +  Nga  [ga  +  (^]  +  N8r  [«r  +  (%)/?]  = 

(N +  (Np)  p  +  (Nr)  r  +  (N8a)  6a  +  (Ndr)  6r  (All -9) 

Cancelling  terms,  equation  (All -8)  and  (All -9)  reduce  to  equations  in 
terms  of  alone. 

(ALp)0  *  (Lfia)  &0)P  +  (LSr)  (K£r)0  =  0  (AII-10) 

(Nfia)  0^)0  +  (NSr)  =0  (AIM1) 

From  these  equations,  values  for  both  K a  and  K/Jr  can  be  defined.  This 

method  was  used  in  augmenting  both  the  L a  variation  cases,  as  well  as 
numerous  other  coefficient  variations  in  the  lateral -directional  axes. 

Once  augmentation  system  with  satisfactory  handling  qual  ities  r.as  been 
defined  for  the  baseline  configuration,  this  method  produces  augmentation 
gain  values  comparable  to  those  obtained  by  root  loci  analysis. 
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APPENDIX  III 

TRANSFER  FUNCTIONS  FOR  PARAMETER  VARIATION  ANALYSIS 

The  following  are  the  unaugmented  and  augmented  transfer  functions 
for  the  longitudinal  and  lateral-directional  modes  as  computed  from  the 
two  3  DOF  matrices.  For  the  longitudinal  mode,8/Xc  transfer  functions 
were  computed  for  the  basic  aircraft,  the  baseline  augmented  aircraft, 
and  parameter  variations  where  augmentation  redefinition  was  required. 

For  the  lateral -directional  mode,  0/Xw  transfer  functions  were  computed 
for  the  basic  aircraft,  the  baseline  augmented  aircraft,  and  parameter 
variations  where  augmentation  redefinition  was  required. 

These  data  were  utilized  in  the  study  for  determining  frequency, 
damping,  time  constants,  augmentation  loop  gains  and  shaping  require¬ 
ments  for  both  the  longitudinal  and  lateral-directional  axes.  These 
results  are  discussed  in  Section  III. 

The  3  DOF  unaugmented  lateral-directional  transfer  functions  start 
on  page  140.  Those  for  the  augmented  aircraft  with  baseline  augmentation 
start  on  page  145.  The  revised  lateral -directional  augmentation 
polynomials  start  on  page  149. 

Transfer  functions  for  the  unaugmented  3  DOF  longitudinal  axis  start 
on  page  152.  Those  for  baseline  augmentation  are  on  page  159  and  the 
data  for  revised  augmentation  appears  on  page  163. 
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3  DOF  UNAUGMENTED  AIRCRAFT  LATERAL -DIRECT I CNAL 
TRANSFER  FUNCTIONS  FOR  COEFFICIENT  VARIATION  ANALYSIS 


BASELINE  CASE: 

V  - 

7  Xu 

5X  Lp: 

♦ 

/xtt  “ 

1/5 X  Lp: 

♦ 


/ 


Xu 


ER#  Lp: 
4 


/ 


Xu 


5x  Lr: 

♦/ 

/  Xu 

1/5X  Lr: 

Vx 

Afc) 

ZERjB  Lr: 

V 

'Xu 


_ 3.21(S+0.18Qfei0,5618) _ 

(S-0. 1356)  (S+0. 8581)  (S+0. 0774+J  0 . 677)  (S+10)  CS+20) 


3. 21  (S+0. 1864^0.5608) 

(S-0. 08325) (S+3. 289)  (S+0.1887+; 0.6156)  (S+10) (S+20)* 


3 . 21 (S+0. 1787+J  0. 5619) 

(S-0. 198)  (S+0.5426)  (S-0. 004257tj 0.6266)  (S+10)(S+20) 


3. 21 (S+0. 1784±j 0.5620) 

(S-0. 232)  (S+0 . 4735)  (S-0. 0204+ JO .5974)  (S+10)  (S+20) 


3. 21 (S+0. 2190+ j  0. 5546) 


(S-0. 6284) (S+0. 9525)  (S+0. Q4521±j 0.8326) (S+10)  (S+20) 


3. 21  (S+0. 1722+j  0. 5629) 

(S+Y  0572f '(S+0. 8126)  "(S+0. 04996* j 0.6255)  (S+10)  (S+20) 


3.21(S+0.1702+j0.5631) 


(S+0. 1208)  (S+0. 7967)  (S+0. 0377 2*} 0.614)  (S+10)  (S+20) 
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1 

% 


w 

9 

n 

5 

1 


Sx  Np: 


* 


/Xy 

1/SxNp: 

* 

Xu 

ZERO  Np: 
♦ 


/x„ 


3.21(5+0, 2138+jO. 557) 


(S-0.2276)  (S+0.8013)  (S+0, 1114* j 0.4529)  (S+10)  (S+20) 


_ 3.21(S+0,1732tj0.5267)  _ 

(S- 0.1274)  (S+0.8667)  (S+0, 0771±j 0.7143)  (S+10)  (S+20) 


3. 21 (S+0. 1716+j0.5629) 


(S- 0.1256)  (S+0.8686)  (S+0. 0772+) 0.7232)  (8+10) (S+20) 


-5xNp: 

4  _  _ 3.21(S+0,1293tj0.5669) _ 

/Xu  (S-0. 09857)  (S+0. 910)  (S+0. 09347* j 0.9141)  (S+10)  (S+20) 


5xNr: 


4  _ _ 3. 21  (S+0. 6370* j  0.2038) _ 

/Xu  (S+0. 8337+jO. 1116) (S+0. 0842+j 0.4313)  (S+10)  (S+20) 

l/5xNr: 


4  „  _ 3. 21  (S+0. 0906+10, 5678 _ _ 

/Xu  W0‘22W)  (S+0. 8597) (S+0. 02535*) 0.6903)  (S+10)  (S+20) 

ZERO  Nr: 

4  _  _ 3.21(S+0,06826+j0.5671) 

/x^  (S-0. 2478)  (S+0. 860)  (S+0. 01270+) 0.69095)  (S+10)  (S+20) 

Sx  Na: 

4  _  3.21(5+0,180+11. 244S) _ 

/xu  (S-0. 3143)  (S+0, 6409)  (S+0. 1753*  j  1 . 330) lS+10)  (S+20) 

1/5XN0: 


/x, 


3, 21 (S+0, 180* j  0, 2625) 


w 


(S+C.1S45)  (S+0. 870)  (S-0. 07357+) 0.4683)  (S+10)  (S+20) 


141 


5X  Lg: 


4  „  _ 3,21(S+0,18Q+j0.610) _ 

/Xu  (S+0. 155)  (S+l.179)  (S-0,228*j 0.380)  (S+10)  (S+20) 

1/ 5xLg : 

4  _  _ 3,21(S+0.130±j0.5516) _ 

/xtt  (S- 0. 2556)  (S+0. 771)  (S+0.18l±j 0.6709)  (S+10) (S+20) 

-3xLg: 

4  _  _ 3.21(S+0.180*j0.5089) _ _ 

/xw  (S- 0.5912)  (S+0.4792)  (S+0.4947±j0.8182)  (S+10)  (S+20) 

5x  Lfia: 

4  _ 15, 91  (S+0. 1719+ j  0.555) _ 

X(1)  "  (S-0.1356)  (S+0. 8581)  (S+0. 0774±j 0.6774)  (S+10)  (S+20) 

l/5XL6a: 

4  _ 0. 668 (S+0. 2184+ j  0.5911) _ 

/Xw"  (S-0.1356)  (S+0. 8581)  (S+0. 0774tj0. 6774)  (S+10)  (S+20) 

ZERO  L,$a: 

4  0. 033  (S+l.  148+ j  0,5173) _ _ 

/Xtt  "  (S- 0,1356)  (S+0. 8 581)  (S+0. 0774tj 0.6774)  (S+10)  (S+20) 

5x  4r: 

4  „  3,21 (S+0. 180+ j  0. 5618) _ 

/xw  "  (S-0.1356)  (S+0. 8581)  (S+0. 0774*5 0.6774)  (S+10)  (S+20) 


l/SxL6r: 

♦  «  3,21  (sS+0.180*i0, 5618) 

/xw  (S-0.1356)  (S+0. 8581)  (S+0. 0774* j0. 6774)  ($10)  (+20) 

*3x4r 

4  .  3. 21 (S+0. 180tj0. $618) 

/xw  (S -  0 . 1 3S6)“(S+0 .8581)  (S+0. 07~74+ j 0.C6774)  (S+10)  (S+20)  ' 


ZERO  Ng: 


4  „ _ 3, 21  (S+0.180+J  0.08525) _ 

/Xu  (S+0.2717)  (S+0. 8744)  (S-0. 1344+j 0.4448)  (S+10)  (S+20) 


5x  N6 


a* 


4  „  _ 3.34  (S+0, 2184+j 0.5911) _ 

/V  (S- 0.1356)  (S+0.8581)  (S+0. 0774+j 0.6774)  (S+10)  (S+20) 

l/SXN6a:  • 

4  _ 3.18(S+0.1719tjQ.5551) _ 

/xw  (S- 0.1356)  (S+0.8581)  (S+0.Q774±j 0.6774)  (S+10)  (S+20) 

-3xN6a: 

4  _ 3. 08  (S+Q.  1383+10.5249) _ 

/Xa)  “  (S- 0.1356)  (S+0.8581)  (S+0. 0774+j 0.6774)  (S+10)  (S+20) 

5x  N6r: 

4  _  3,21(S+Q.180+jQ.  5618) _ 

/xw  '  (S- 0.1356)  (S+0.8581)  (S+0. 0774+j 0.6774)  (S+10)  (S+20) 

1/SX  Nfir: 

4  _ 3. 21  (S+0. 18Q+j  Q,  5618) _ _ 

/xw  "  (S-0. 1356)  (S+0.8581)  (S+0.0774tj 0.6774)  (S+10)  (S+20) 

5X  Yr: 

4  _ 3,21(S+0.180+jQ,5327) _ 

/Xu  (S*0d411)  (S+0.8619)  (S+0 . 0782+ j 0 , 6624)  (S+10)  (S+20) 

1/5X  Yr: 

4  „  _ 3.21 (S+Q.180+j0. 5674) 

/Xu)  Is*07l346)  (S+0,8573)  (S+0. 07725+j 0.6804)  (S+10)  (S+20)' 

ZERO  Yr: 

4  .  3.21(S+0.180+j0.5688) 

/xu  (S-0. 1 34 3)" (S+- 0 .8572)  (S 0 .0 ^(S ♦!£) )  (S+20) 


1^3 


5x  Yg: 


_ 3,21 (S+0. 3738+j 0.5570) _ 

(S- 0.1177)  (S+0. 9196)  (S+0.2315+j 0.668)  (S+10)  (S+20) 


♦ 

/  Xu 

1/5X  Ye: 

0  _  _ 3. 21 (S+0. 1412+ j 0.5546) _ 

/xw  (S- 0.14025)  (S+0. 8490)  (S+0. 04546+ j 0.6726)  (S+10)  (S+20) 

ZERO  Y8: 


<j>  _  _ 3. 21  (S+0, 1315+ j  0.5524) _ 

/X(0  (S- 0.1415)  (S+0. 8469)  (S+0. 03745+ j 0.6710)  (S+10)  (S+20) 

5x  Y6r: 

=  _  3.21  (S+0. 180+j 0.5618) _ 

/Xu>  "  (S- 0.1356)  (S+0. 8581)  (S+0. 0774+jO. 6774)  (S+10)  (S+20) 


l/5XY6r: 

4  =  _ 3.21  (S+0. 180+j  0.5618) _ _ _ 

/xu  (S- 0.1356)  (S+0. 8581)  (S+0 . 0774+ j 0.6774)  (S+10)  (S+20) 


1W* 
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3  DOF  AUGMENTED  AIRCRAFT  LATERAL- DIRECTIONAL 
TRANSFER  FUNCTIONS  (BASELINE  AUGMENTATION) 


BASELINE  CASE: 


3.2MS+] 


5+0. 3870±j 0.3187) 


(S-0.0298)  (S+l. 523+j 0.3159) (S+4. 267) (S+8.997) (S+0. 4263+j0. -4758) (S+20) 


♦  _  _  3. 21 (S+l. 878) (S+3. 980) (S+Q. 3857+jQ. 3165) 


(S- 0.0489) (S+3.1S1) (S+2.016) (S+0 . 4404+ j  0.340) (S+5.S32) (S+8.309) (S+20) 


3. 21 (S+l. 845) (S+3. 994) (S+0. 3872±i 0.3191 


(S-  0. 0171)  (S+l.  647)  (S+l .  015)  (S+0. 3375+ j  0. 5643)  (S+4 . 208)  (S+9 . 065)  (S+20) 


(S-Q. 01227) (S+l. 679) (S+0. 9218) (S+0. 2962t j  0. 580) (S+4. 196) (S+9. 080) (S+20) 


3. 21 (S+2 . 022)  (S+3. 91 3) (S+0 . 3795+ j  0, 3062 


Xw  (S-Q. 4075) (S+l. 310) (S+0. 4247) (S+0. 8412+ j 1.237) (S+4. 612) (S+9, 049) (3+20) 
l/5xLr: 

$  „  _ _ 5.21(5+1.818) (S+4, 006) (S+Q. 3886+ j 0.3214) _ 

/xtt  (S+0. 0743) (S+l. 823) (S+l. 606) (S+0, 2915+ jO. 5194) (S+4. 155) (S+8.986) (S+20) 

ZERO  Lr: 

*  „  3.21(5+1.809) (S+4, 010) (S»Q.3890tj 0,3221) 

/x^  (S+0. 0977) (S+l, 978) (S+l. 542) (S+0. 2637+j07S3l5)(S+47l22) (S+8.983) (S+20) 

5xLs: 

$  „  _____  3. 21  (S+l. 79)  (S+4 , 0)  (S+0. 411+ jO. 524)  _ _  _ 

/xu  "(S+.048j(S+2.09)  (S+l. S3)  (S+0. 12  *  J0.96)  (S+4. 22)  (S+9.0)  (S+20) 


_ 3,21  (S+l. 86)  (S+4.0)  (S+0.382+j  .318)  _ 

(S-.087)  (S-KL.40fj0.40)  (S+4. 28)  (S+9.0)  (S+0. 57+ j 0.13)  (S+20) 

_ 3,12  (S+1.9Q)  (S+3, 98)  (S+0,364+j  0.313) _ 

(S-0.40)  (S+l. 37)  (S+0. 40)  (S+l. 36+j 0.98)  (S+4. 31)  (S+9.0)  (S+20) 

_ 15,91  (S+l. 804) (S+4. 026) (S+0.3854±j 0.3211) _ 

(S+0.095)  (S+l. 73)  (S+5.24+J4.41)  (S+4. 2)  (S+0. 312+ j 0.430)  (S+20) 

l/SXL6a: 

4  • _ 0.668  (S+2.1)  (S+3.8)  (S+0.39tj0.31) _ 

/X(i)  (S- 0.1144)  <S*i.  593)  (S+0. 7204)  (+0. 4384+j  0.6215)  (S+4. 2S6)  (S+9. 803)  (S+20) 

ZERO  L6a: 

<t>  _ 0.033  CS+3. S6± j 3. 0)  (S+0.42+jQ.22) _ 

/xu"  (S-0.15)  (S+l. 61)  (S+0. 62)  (S+0. 40+j 0.65)  (S+4. 25;  (S+9. 93) (S+20) 

5x1-5  r  i 

*  3.21  (S+2,15)  (S+3.71)  (S+0.381+j0.31 _ 

/X{U  (S+0, 038)  (S+l. 28)  (S+0. 24 ) (S+0. 57+ j  1.1 3)  (S+5.59)  (S+8.8'6) (S+20) 

l/5XL<5r: 

$  3.21  (S+l, 8)  (S+4. 0)  (S+0.39M0.3?)  _ 

/xj"  (5-  0. 038 )  (S+2!l'9T(S+i7S0)(S+0 . 358+ jO  .4843) (S+X  76)  (S+9. 0)  (S+20) 

“3xL$j.i 

$  m  3.21  (S+1.61)[S+4.21)(S+0,394+j0.32S)  ___ 

/xj*  (S*  0. 067) (S+l . 37) (S+3. 15+jl . S3) (S+0. 21+ j 0.49) (S+9. 1)  (S+20) 


♦  . 

/Xu 

-3xL$: 

*  . 
/xu 

5xL6a: 

<P 

I  Xy 


1/SxNp: 


4>  _  _ 3.21  (S--1.82)  (S+4. 0)  (S+Q.39*j0.32) _ 

7x;,~  (S-.O . 031) (S+l .  50+ j 0 . 44)  (S+0. 44+j 0.47)  (S+4.31)  (S+9.0)  (S+20) 

ZERO  Np: 

4, _ 3.21  (S+l,81KS+4.0)(S+0.39±j0.32) _ 

/XoT  '  (S- 0.031)  (S+l.  49+ j 0.46)  (S+0.45+j0.47)  (S+4.32)  (S+9.0)  (S+20) 


5xNr: 


4  = 

/xu 
1/ 5xNr : 


_ 3.21  (S+3. 42+j 1. 19)  (S+0.33tj 0.23) _ 

(S+0. 124) (S+3. 41+ j 0. 99) (S+l. 67) (S+0. 24+j 0.41) (S+9 . 0)  (S+20) 


4  3.21  (S+l .  49)  (S+4 . 13)_(S+0 . 41t  j_0 . 36} _ 

/Xa)“  (S- 0. 06)  (S+l. 33+  j 0.16)  (S+4. 38)  (S+0. 49+j 0.54)  (S+9.0)  (S+20) 

ZERO  Nr: 

4  _ 3.  21  (S+l. 40)  (S+4.17j  (S+0. 41+ j 0.37) _ 

/xu  (S-0. 074) (S+l. 36) (S+l. 19) (S+0. 5105+j  0. 5649) (S+4 . 40) (S+9. 00) (S+20) 

4  =  _ 3.21  (S+0, 48)  (S+4, 12)  (S+l.Q+jl.l) _ 

/x  (S-0. 12) (S+l. 62) (S+0. 32) (S+0.98+jl. 34) (S+4. 35) (S+9.0)  (S+20) 


l/5yNg: 

4  _ 3. 21  (S+2 . 068)  (S+3. 957)  (S+0 . 2955+ j  0. 2847) _ 

/Xu  (S-0. 00018)  (S+l . 67+j0. 32) (S+4. 25) (S+0. 27+ j 0 . 50) (S+9.0)  (S+20) 

ZERO  Ng: 

4  _ 3. 21  (S+2. 12)  (5+ 3 .95)  (S+0 . 2 7+1.0.27) _ 

/Xaf  (S+0 . 008) (S+l . 70+ j  0. 32) (S+4 . 24)(S+0 . 24tj  0. 50) (S+9. ) (S+20) 

5XN6a: 

4  3. 34 (S+2. 1) (S+3. 8)  (S+0. 39+ jO. 31) _ 

/x^  (S- 0. 021 )  (S+l .  56+10.47)  (S+4. 27)  (S+0 . 43* j  0 . 46)  (S+8 . 9)  (S+20) 
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l/5xN6a: 

<J>  „ _ 3JJ^S^8)  (S+4. 0)  (S+0. 38+j  0.32) 

/xw  (S- 0 . 032) (S+l . 52+ j  0. 27) (S+4 . 27) (S+0. 43+j  0.48) (S+9 . 0)  (S+20) 

-3xN6a: 


4>  =  _ 3. 08  CS+1 . 62)  (S+4. 15)  (S+0 . 378+j  0 . 33) _ 

/xw  “(S- 0.039)  (S+l. 64)  (S+l. 34)  (S+0.42+j0.50)  (S+4. 25)  (S+9.1)  (S+20) 

5xN6r* 

4>  = _ 3.  21(S+3.  Q+j5.2)  (S+0, 32+j 0.27) _ 

/Xu  (S- 0 . 049)  (S+2 . 96+ j  5.44)  (S+l .  60)  (S+0 . 30+j 0.42)  (S+9 . 0)  (S+20) 


l/5xN6r: 

+  =  _  3. 21 (S+0. 46) (S+5.56) (S+0. 30+j 0.54) _ 

/X(l)  (S+0. 0058)  (S+l .  55)  (S+0 . 32)  (S+0 . 25+ j 0 . 72)  (S+5 . 80)  (S+8 . 97)  (S+20) 

5xYg: 

<t>  _ _ 3, 21(S+0.32)  (S+4. 62)  (S+l. 03+ j  1.89) _ 

/xu  (S- 0. 058) (S+l. 74)  (S+0. 35)  (S+0. 89+j 1. 92) (S+4. 72)  (S+9. 0)  (S+20) 

1/5XY6: 


<P  _ 5. 21  (S+2 . 49)  (S+3. 74)  (S+0. 155+ j 0. 26) _ 

/xu  (S- 0 . 0013) (S+l . 82+ j  0. 36) (S+4 . 14) (S+0. 14±j  0.40) (S+9 . 0) (S+20) 


ZERO  Y q : 

4>  =  _ 3. 21  (S+2. 66)  (S+3, 64)  (S+0. 11+jQ, 23) _ 

/xu  (S+0, 012) (S+l. 87tj 0,35) (S+4. 10 (S+0. 09+ j 0.37)  (S+9.0)  (S+20) 

5xY<$r; 

$  _ _ 3. 21 (S-0. 14)  (S-9,44)  (S-0,Q57+j0.21) _ 

/xu  (S- 0. 058+ j 0, 27) (S+l. 63) (S-9. 46) (S-0 . 23+ j 0. 16) (S+9.0)  (S+20) 

l/5xY6r: 


„  _ 3. 21  (S+0. 63)  (S+8.30)  (S+0. 44tj 0,45) _ 

/ xw  (S-0. 027) (S+l.  59) (S+0. 67) (S+0.41tj0.63) (S+8. 35) (S+9.0) (S+20) 
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3  DOF  AUGMENTED  AIRCRAFT  LATERAL-DIRECTIONAL 
TRANSFER  FUNCTION  (REVISED  AUGMENTATION) 

5  Lp:  Kpa  =  -1.98,  Kr  *  3.S,  Khy  =  1.75,  Krh  =  0.8,  Kpr  =  0.0895 

♦  _  _ 3. 21 (S+l, 88)  (S+3. 98)  (S+0. 39±j 0,32) _ 

/Xw  (S-0.031) (S+1.45+j0.21) (Sf0.42tj0.46) (S+4.17) (S+12.0) (S+20) 

5  Lr;  Kpa  =  0.85,  Kr  =  3.5,  Kny  =  1.75,  Krh  =  5.4 

4  _  _ 3. 21  (S+2. 02)  (S+  3. 91)  (S+0.38+i Q, 31) 

/xtt  (S- 0.019) (S+3. 55) (S+2 . 27) (S+l . 63) (S+0 . 37+ j  0 . 43) (S+8 . 5) (S+20) 

1/5  Lr:  Kpa  =  1.60,  Kr  =  3.5,  kny  =  1.77,  Krh  =  0.0 

<P  =  _ 3. 21  (S+l .  86)  (S+3. 91)  (S+0 . 39tj 0 . 32) _ _ 

/Xu  (S- 0.03) (S+l . 87+j  0 . 55) (S+4 . 58) (S+0 . 45+ j  0. 41) (S+8 . 0) (S+20) 

-3  Lr:  Kpa  =  0.85,  ICr  =  3.5,  ICny  =  1.75,  Krh  =  -3.45 

♦  _  _ 3 . 21  (S+l .  69)  (S+4 . 06)  (S+0 . 40t  j  0.33)  _ 

/Xu  (S-0. 00025) (S+l. 35+jO. 25) (S+4. 58) (S+0. 42+ j  0. 55) (S+9. 5) (S+20) 

5  Le:  Kpa  •  0.85,  Kr  =  3.5,  Kny  -  1.75,  Krh  =0.8,  Kg  -  3.384,  Kgr  =  0.10685 

4>  _  _ 3. 21  (S+l .  94)  (S+3. 96)  (S+0. 36+ j  0 . 32) _ 

/Xu  (S-0. 028) (S+l.  tjO. 38) (S+4. 28) (S+0. 47+j 0.46) (S+9.0) (S+20) 

1/5  Lg:  Kpa  =0.85,  Kr  =  3.5,  Kny  =  1.75,  Krh  =  1.2 

♦  „  _ _ 3. 21  (S+l. 87)  (S+ 3. 98)  (S+0, 38+ j0. 32) _ _ 

/xw  (S-0. 027) (S+l, 46+j 0.36) (S+4. 28) (S+Q.49+j0.23) (S+9.QKS+20) 

-3Lg:  Kpa  **  0.85,  Kr  *  3.5,  Kny  =  1.75,  Krh  =  0.8,  Kg  =  3.384,  K6r  =  0.10685 

<j>  „  _ 3. 21  (S+l. 76)  (S+4. 03)  (S+C, 42+jQ. 32) _ 

/xw  (s-0 . 032) (S+l . 58+j  0. 24) (S+4 .25) (S+0. 39+ j  0. 49) (S+9. 0) (S+20) 

5  L<sa:  Kpa  *  0.17,  Kr  »  3.5,  Kny  »  1.75,  Krh  *  0,16 

w _ 15.9(3+1.80)  (S+4. 03)  (S+0. 39+j0. 32) _ _ 

/x«  (S-0. 032) (S+l . 52+j 0.27) (S+4. 27) (S+0. 43+j  0 . 48) (S+9. 00 (S+20 
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1/5  lia:  Kpa  ■  0.85,  Kr  -  3.5,  Kny  -  1.75,  Krh  •  3.5 


♦ 


/x„ 


0.67(S+2.1Q)(S+3,81)(S+0.39+j0.31) 


(S- 0.019) (S+l. 77  J CS+0.92) (S+4. 12) (S+Q. 32tj  0. 55) (S+9 . 7) (S+20) 


5  L$r:  Kpa  *  0.85,  Kr  »  3.5,  Kny  -  1.75,  Krh  *  0.8,  K$r  3  -0.946 

$  _ _ 3.21(S+2. 15) (S+3.71)(S+Q, 38+10.31) 

/xu  “  (S-0.031) (S+l. 54) (S+2. 49+ j 1 . 08) (S+0. 39± j 0. 45) (S+9.  ?J(~S+20) 

1/5  L<$r:  Kpa  =  0.85,  Kr  =  3.5,  Kny  =  1.75,  Krh  =  1.0 


3. 21  (S+l .  80)  (S+4 . 04)  (S+0 . 39±  j  0 . 32 


4>  _  _ _ „ 

/Xu)  (S-0.016)  (S+2. 36)  (S+l. 48)  (S+9.0)  (S+0. 33+j 0.49) (S+20) 

-3  L<$r:  Kpa  »  0.85,  Kr  *  3.5,  Kny  »  1.75,  Krh  =  0.8,  K$r  =  0.946 


♦ 


3. 21 (S+l. 61)  (S+4. 22) (S+0. 39*1 0.33) 


/Xa  (S- 0. 029) (S+l. 21*j  0. 19) (S+6. 91+j  0. 56) (S+0. 46+ j  0 . 53) (S+20) 
5  Nr:  Kpa  ■  2.0,  Kr  =  3.5,  Kny  ■  1.75,  Krh  =0.0 


♦ 


/x(1 


3. 21 (S+3.42*j 1. 19) (S+0. 33+1 0. 23) 


(S+ 0 . 007) (S+2 . 64+ j 1 . 38 ) (S+4 . 97 ) (S+0 . 35+ j 0. 29) (S+7 . 1 ) (S+20) 


1/5  Nr:  Kpa  =  0.85,  Kr  =  3.5,  Kny  =  1.75,  Krh  =1.1 


$ 


3 . 21 (S+l . 49) (S+4 . 14) (S+0 . 41+ j  0 . 36) 


/Xw  (S- 0.029) (S+l. 42+10.16) (S+4. 32) (S+0. 43+ j 0.53) (S+9.0) (S+20) 

5  Ng :  Kap  =  0.85,  Kr  =  3.S,  Kny  =  1.75,  Krh  3  1.5 

4  _ _ 3. 21  (S+0. 48 )  (S+4. 12) (S+l. 0+1  1.06)  _ 

/xu  "  (S+0. 01S)"(S+1 .  61 )  (S+0. 32)  (S+l . 03+j  1 . 17)  (S+4 .22)’(S+8. SfcS+20) 

1/5  Ng:  Kpa  =  0.85.  Kr  «  3.07,  Kny  =  1.83,  Krh  =  0.8 

*  _ _ _ 3. 21  (S+l.  72)  (S+4. 03)  (S+0. 34+10.30)  _ 

/Xy  *  (S- 0. 02)  (S+l .  53+ j 0. 27)  (S+4. 25)  (S+0, 32+j 0. 52)  (S+9. 0)  (S+20) 

-3  N63:  Kpa  »  0.8S,  Kr  -  3.5,  Kny  =  1.75,  Krh  =  1.0 


/Xu 


3. 08 (S+l. 63) (S+4, 15) (S+0. 38+10, 33) 


(s-0. 017) (S+l. 65) (S+l. 41) (S+4. 24) (S+0. 39ij0. SO) (S+9. 1) (S+20) 
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5  N5r:  Kpa  *  O.bS,  Kr  *  3.5,  Kny  «  1.75,  Krh  -  1.0 

4  _  _ 3.21  (S+2 . 99)  (S+5. 24)  (S+0. 32t j  0. 27) _ 

/Xu  (S- 0.028) (S+2. 97+ j 5.45) (S+l . 60) (S+0 . 29±j 0 . 43)  (S+9. 1) (S+20) 


5  Ye:  Kpa  =  0.85,  Kr  =  3.5,  Kny  =  1.75,  Krh  =  1.0 

4  _  _ 3. 21  (S+0, 32)  (S+4 , 62)  (S+l . 03±1 . 88) _ 

/xu  (S- 0.031) (S+l. 73) (S+0. 35) (S+0. 90+ j 1.90) (S+9.0) (S+4.70) (S+9. 0) (S+20) 

1/5  Y g :  Kpa  -  0.85,  Kr  «  1.12,  Kny  *  1.89,  Krh  =  0.8 

4  _  _ 3.21  (S+0 . 63)  (S+ 4 . 96)  (S+0 . 32± j  0.42) _ _ 

/x«  "  (S-  0 . 001)  (S+l .  58)  (S+0 . 63)  (S+5 . 0)  (S+0 . 26+ j  0 . 56)  (S+9 . 0)  (S^of 


5  Y<5r :  Kpa  «*  0.85,  Kr  *  0.70,  Kny  *  0.35,  Krh  =  0.80 

4  _ 3. 21  (S+0. 45)  (S+5. 58) (S+0. 29+j 0.54) _ 

/xw  "  S-0.018) (S+l. 61) (S+0.46) (S+0. 24+j 0.64) (S+5. 6) (S+9. 0) (S+20) 


-5  Np:  Kpa  »  0.85,  Kr  *  3.5,  Kny  =  1.75,  Krh  =  1.2 


/xu 


_ 3. 21  (S+l, 64) (S+4.08) (S+Q.4Q+jO. 34) _ 

(S-0.0016) (S+l. 52+j 0.63) (S+0. 47+ j 0.48) (S+4.4) (S+8.9) (S+20) 


-5^-*SBi***P>«»  .vpr,-'*  yKi.-s^Wrt^  Iw^  r3-:*fis  vrjri^^'S 


;aVs;ie'«?>'***«W<  wimk’WFWW  M(i*;vTWffjy.vc 


3  DOF  UNADGMENTED  AIRCRAFT  LONGITUDINAL 
TRANSFER  FUNCTIONS  FOR  COEFFICIENT  VARIATION  ANALYSIS 


BASELINE: 


0  _  _  38 . 98  (S+0 .  06246)  (S+0. 47195) _ _ 

/xc  (S+0. 26503) (S+l. 1808) (S+0. 009876+j0. 1902) (S+10)(S+20) 


10  Xv: 


38. 98  (S+0. 414 7+ j 0.0176) 


/xc  (S+0 . 27136)  (S+l . 1885) (S+0 . 1503*j 0. 10786) (S+10) (S+20) 

5  Xv: 

0  _  38.98(5+0.1994) (S+0. 4661) _ 

/xc  ”  (S+0. 2661) (S+l. 1837) (S+0. 07344+j 0.1738) (S+10) (S+20) 

ZERO  Xv: 

0  „ _ 38. 98  (S+0. 02879)  (S+0. 4729) _ 

/xc  “  S+0. 2649)  (S+l. 1802)  (S- 0. 006114+ j 0.1908) (S+10) (S+20) 

-Xv  : 

0  _ 38. 98 (S-0. 00475)  (S+0. 4736) _ 

/xc  "  (S+0. 2647) (S+l. 1796) (S-0.02213+J 0.18998) (S+10) (S+20) 

-5  Xv: 

0  _ 38. 98(S-0. 13808)  (S+0. 47588) _ 

/xc  “  (S+0. 2643) (S+l. 1775) (S-0. 08642+j0. 1723) (S+10) (S+20) 

5  X«: 


2  X«: 


_ 38.98(5+0. 2723tj0. 09411)  _ _ 

Ts+0. 2675) (S+l .145) (S+0. 03  lSj 0.1874) (S+10) (S+20) 


38.98 (S+Q.Q9755) (S+0.4394) 

(S+0 .2656) (sVl“T72iy(S+b701S21* j 0. 1922) (S+10) (S+20) 
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a«&?^-aagfe; 


1/2  X«: 

0  = _ 38.98  (S+Q. 04686) (S+Q, 4863) _ 

/Xc  (S+0. 2648) (S+l. 185) (S+0. 007233+ j 0.1892) (S+10) (S+20) 

ZERO  X«: 

0  _  38. 98 (S+0. 03221) (S+0. 4996) 

/Xc  (S+0. 2645) (S+l . 1894) (S+0. 004605t j  0. 18806) (S+10) (S+20) 

-1/2  X«: 

0  =  _ 38. 98 (S+0, 01835)  (S+0. 5122) _ 

/Xc  (S+0. 2642) (S+l. 194) (S+0. 001992+j 0.1869) (S+10) (S+20) 

-X«: 

0  =  _ 38 . 98  (S+0 , 005162)  (S+0 . 5241) _ _ 

/Xc  (S+0. 2640) (S+l. 1978) (S-0. 000607+ j  0.1857) (S+10) (S+20) 


-2  X«: 


0  _  _ 38. 98 (S-0. 01955)  (S+0. 5463)  _ 

/Xc  (S+0. 2635) (S+l . 2061) (S-0. 005763+j  0. 1833) (S+10) (S+20) 


-5  X«: 


G  m  _ 38. 98  (S-0. 08428)  (S+0. 6033) 

/Xc  ~  (S+0. 2622) (S+l. 230)  (S-0. 02091+jO.  1750) (S+lo!) CS+20) 


5  X4jjJ 

9  _  38.99(5+0.06415) (S+0. 4736) 

/Xc  "  (S+0. 2650)  (S+l  .1808)  (S+0. 009876+ j  0.  1902)'  (S+10)Ts+20) 


ZERO  X4h: 

G  „  38.97 (S+0. 06204) (S+Q. 4715) 

/Xc  *  (S+0. 2650) (S+l. 808) (S+0. 009876+j 0.1902) (S+10) (S+20) 

•S  XfiH: 

0  _  _ _ _ 38/95  (S+0. 059906)  (S+0. 469S)  _ 

/Xc  "  (S+0. 2650) (S+l. 808) (S+0. 009876+j 0.1902) (S+10) (S+20) 
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100  Zv: 


©  _  _ 38. 98 (S+l. 0444+ j 0.4906) _ 

/Xc  (S+0. 04724) (S+2. 1778) (S+Q. 3597+ j 1.1002) (S+20) (S+10) 

10  Zv: 


0  _  _ 38. 98  (S+0. 3379+j  0.1835) _ _ 

/Xc  ~  (S+0. 07831) (S+l. 3093) (S+0. 1062+ j 45998) (S+20) (S+10) 

5  Zv: 


0  _ 38. 98  (S+0. 2144)  (S+0. 3828) _ 

/Xc  “  (S+0. 1156) (S+l. 2424) (S+Q. 08366tj 0.3281) (S+20) (S+10) 

ZERO  Zv: 

0  _  _ 38.98  (S+0. 03366)  (S+0. 48505) _ 

/Xc  (S+0. 31896) (S+l. 1637) (S-0. 0160+j 0.1640) (S+20) (S+10) 

-Zv: 

0  _  _ 38.98  (S+0. 006396)  (S+0. 4966) 

/Xc  (S+0. 3691) (S+l. 1457) (S-G. 03951 +j0. 1387) (S+20) (S+10) 


10  Z«: 


0  _  _ 38. 98  (S+Q.  03594)  (S+4. 8535) _ 

/Xc  *  (S+0. 6262) (S+S.1081) (S-0. 002192+j0.1771) (S+20) (S+10) 

5  Z«: 


O  „  _ 38.98(S+0.Q3862)  (S+2. 4314) 

/Xc  (S+0. 5756) (S+2. 7855) (S-0. 0001296* j  0. 1782) (S+20) (S+10) 

2  Z*: 

0  •  38.98(5+0.04693) (S+0. 9714) _ 

/Xc  .  (S+0. 4249) (S+l. 5044) (S+0. 005036+ j 0.1822) (S+20) (S+10) 


ZERO  Z-: 


0  38.98  (S+Q, 02S26tjQ. 1128) _ 

/Xc  (S+0, 03208) (S+0. 9741) (S-0,007182+j 0.2164) (S+20) (S+10) 


100  Mv: 

e  _  _ 38, 98  (S+0. 1743) (S+0. 4322) _ 

/Xc  (S+0. 4992) (S+l. 7158) (S-0. 3747+ j 1.0206) (S+20) (S+10) 

10  Mv: 


O  _  38.98(S+0. 071706) (S+0. 4693) 

/Xc  (S+0. 4038) (S+l . 2615) (S-0. 09982+ j  0. 4370) (S+20) (S+10) 

5  Mv: 

0  ...  38.98(5+0.06656)  CS+0. 4708) 

/Xc  *  (Sv0.3607) (S+1.2186) (S-0. 05686+ j 0.3385) (S+20) (S+10) 

2  Mv: 


0  m  _ 38 . 98  (S+Q.  06348)  (S+0. 4717) _ 

/Xc  “  (S+0. 3042) (S+1.1906) (S-0. 01461+ j 0.2430) (S+20) (S+10) 


ZERO  Mv: 

O  _  _ 38.98(3+0.06144)  (S+0. 4722) 

/Xc  (S+0. 05414)  (S+l.  1708)  (S+0. 1203+ j0. 07159)  (S+2Q)(S+10) 

-2  Mv: 

O  _ _ 38.98(5+0.05941)  (S+Q. 4728) 

/Xc  "  (S-0. 1698) (S+l. ISO) (S+0, 2427+j 0,1957) (S+20) (S+10) 

-5  Mv: 

0  _ 38, 98 (S+Q, 05637) (S+Q. 4737) _ 

/Xc  ~  (S- 0. 2757) (S+l . 11 65) (S+03124+j0.2503)CS+20r(S+i6)  ' 

-10  Mv: 


0  _ 38.98(5+0.05132) (S+0. 4751) 

/Xc  "  (S-0. 3827)  (5+170533^5+073975+3 0. 2995)  (S+20)  (S+10) 

-100  Mv: 

O  _  38. 98(S-0. 03493) (S+0.4958) 

/Xc  “  (S-l.  0088)  (S+0. 5527)  (S+0.'9608+ j  O', 942 31(520)  (S+10) 
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Sia-i 


219.78  M-;  Qfa  -  -4.0) 

0  ,  _ _ 38,98(S+0.1314+j0.09455) _ 

/Xc  (S+0. 7358+ j 1 . 9378) (S- 0. 002978+j  0. 2567 (S+20) (S+10) 

10  M«: 

0  _  _ 38. 98  (S+0. 06388)  (S+0, 4594) _ 

/Xc  (S+0. 5610) (S+0. 9155) (S- 0 . 005477+ j  0 . 2094) (S+20) (S+10) 

5  M«: 

0  „ _ 38.98  (S+0. 06308)  (S+Q.  4664) _ _ 

/Xc  (S+0. 3757) (S+l. 0889) (S+0. 0005170+j 0.1998) (S+20) (S+10) 

ZERO  M«: 

0  _  _ 38. 98  (S+0. 06231)  (S+0. 4733) _ 

/Xc  “  (S+0. 2379) (S+l. 2009) (S+0  01339+j 0.1877) (S+20) (S+10) 

-Ma : 

0  _  38. 98 (S+0. 06216) (S+0. 4747) 

/Xc  "  (S+0. 2101) (S+l. 2202) (S+0. Q1764+j0. 1851) (S+20) (S+10) 

-5  M« : 

G  _  _ 38.98  (S+0. 06156)  (S+0. 4803) 

/Xc  (S+0. 08589)  (S+l.  2905)  (S+0 . 04459+ j  0 . 1821)Ts^'20T(S+l'0) ' ' 

-10  M«: 

9  •_  38.98(3+0. 06084) (S+0. 4872) 

/Xc  "  (S- 0.03504) (S+l. 3674) (S+0. 06661+j 0.2095) (S+20) (S+10) 

5  M« : 

Q _ 38.98  (S+0. 06182)  (S+0. 5212) 

/Xc  ~  (S+0. 08701) (S+2, 5847) (S+0. 01991* j 0.2238) (S+20) (S+10) 

ZERO  M«: 

0  _  38. 98(5+0.06263} (S+0, 4609) 

/Xc  (S+0 . 3 779tj  0.1 094^(5^0 .6o08609±j0. 1812) (S+20)  (S+10) 


^«iW«si-iSlPf#SiiC^SII@I?f  i 


if 

m 

1 


%l-  ♦ 

!  -3  M*: 

jt5\ 

$y 

I  0  38. 98 (S+0. 06313) (S+0. 4303) 

|  ■  /Xc  "  (S+O. 1582+jO. 5908) (S-0. 04835+jQ. 1674) (S+20)(S+1O) 

f  -5  M«: 


0  _ 38. 98  (S+Q.  06348)  (S+0, 4118) _ 

/Xc  (S'-0. 09615+ j  0. 5321)  (S-0. 1055+j  0. 1664)  (S+20)  (S+10) 


10  Mq: 

0  _ 38. 98 (S+0. 06246)  (S+0. 4720) _ 

/Xc  ~  (S+0. 4330) (S+6. 6366) (S+0. 03339+j 0.05326) (S+20) (S+10) 

5  Mq:  - 

G _ 38 . 98 (S+Q. 06246)  (S+0. 4720)  _ 

/Xc  "  (S+0. 4035) (S+3. 5127) (S+0. 03489+j 0. 08243) (S+20) (S+10) 


2  Mq: 


0  _  38. 98 (S+0. 06246) (S+0. 4720) 

/Xc  “  (S+0. 3282) (S+1.7Q43) (S+0. 03155+jQ. 1389) (S+20) (S+10) 

1/2  Mq: 

0  38. 98(S+0. 06246) (S+0.4720) 

/Xc  ~  (S+0. 2298) (S+0. 9719) (S-0. 02557+j 0.2240) (S+20 .) (S+10) 

ZERO  Mq: 


0  _  38.98(5+0,06246) (S+0.4720) 

/Xc  "  (S+0. 2005) (S+0. 3174) (S- 0. 0911 2+j 0.2471) (S+20) (S+10) 


5M6e  : 

0  130. 80  (S+0. 061 76 HS+C.  4654) 

/Xc  “  (S+0. 2650y(S+Y4808)^0.W987^j 0.1^2;  (S+20y(S+iO) 

ZERO  M$0: 

S  16. 02 (S+0. 06383) (S+0. 4855) 

/Xc  “  (S+0. 2650) (S+l . 1806) (S+0. 009876+ j 0.1902) (S+20)Ts;iO) 
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5 


106. 36 (S+Q. 06183)  (S+0. 4660) 


/Xc  (S+0 . 2650) (S+l . 1808) (S+0. 009876+ j  0. 1902) (S+20) (S+10) 


ZERO  M6h: 


22. 13 CS>0. 06320) (S+0. 4791) 


/Xc  (S+0. 2650) (S+1.18Q8) (S+0. 009876+j 0.1902) (S+20) (S+10) 


3  DOF  AUGMENTED  AIRCRAFT  LONGITUDINAL 
TRANSFER  FUNCTIONS  (BASELINE  AUGMENTATION) 


BASELINE: 


38, 98 (S+0. 06266) (S+0. 4705) 


/Xc  (S+5. 0905+ j 1.7179) (S+0. 01707+ j 0.07619) (S+20) (S+0. 6452) 

•5  Xv:  Unstable  phugoid 


38.98(5-0.1384) (S+0. 4749) 


/Xc 
10  Xv: 


0  _  _ 38.98  (S+0. 41406+j  0.02888) _ 

/Xc  “  (S+5. 0906+ j  1.7180) (S+0. 01964) (S+0.2953) (S+20)  (S+0.6%3" 


5  X«: 

0  _ 

/Xc  (S+5. 0908+j 1 . 7168) (S+0. 07663+ j  0. 04S24) (S+20) (S+0. 5356) 

■5  X“i  Unstable  phugoid 


38. 98 (S+0. 2 71 7? j 0.09595) 
i(S+0.  ' 


0 


38, 98 (S-0. 08444) (S+0.6022) 


/Xc  (S+5. 0901+ j 1 . 7195) (S-0, 04S78+ j  0. 04992) (S+20) (S+0 . 7567 ) 

ZERO  X«H: 

9  «  _  38. 97(8+0,062038)  (S+0. 4  715) 

/Xc  (S+5v0905t  j  1 . 7179)  (S+070lW7*  j  oroforof^S+zSns+0 .6452)* 


5  X$^: 


38.  S9 (S+0, 065) 


/Xc  ($♦$. 0905+ j 1 . 7179) (S+0. 01 i j7+}0.07619) (S+20) ($+0,6452) 

mo  2v: 

_ 38 . 98 (S+0. 03366) (S+0 ■ 4852)  _ _ 

O/Xc  (S+  5, 0940t j 1 . 7204 ) (S+0 . 01629+ j 0. 0?  289) (S+20) (S+0. 6249)" 


■Is 

i 


M 

!'A 


(S+5. 0905+j 1.7179) (S-0. 07309) (S-0. 08546) (S+20) (S+0. 6413) 
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100  Zv: 


0  _  _ 38.98 (S+0,  tjQ.61503 _ 

/Xc  (S+4. 0331 +j 1.4689)  (S+0. 0*228+;}  0.1268)  (S+20)  (S+4. 1885) 

ZERO  Z«: 

0  „  _ 38. 98  (S+0.024606+j  0.1130)  _ _ 

/Xc  "  (S+  SJ591+J1.8512) (S+0 . 002244+ j 0.08729) (S+20) (S+0. 06395) 


S  Z«: 


0  _  _ 38. 98 (S+0. 03864)  (S+2.4304) _ 

/Xc  ”  (S+3. 4914+j 1 .8222) (S+0. 01669+j 0. 07376) (S+20) (S+5 . 7396) 

ZERO  Z6J 

© 

0  „  _ 39. 45(S+0. 06244)  (S+0.4522) _ 

/Xc  ”  (S+5. 4014+j 0.70217) (S+0. Q170S+j 0.07613) (S+20) (S+0. 6287) 

5  Z  jg: 

0  _  37.0S(S+0.063S3) (S+0. 5624) _ 

/Xc  (S+3. 8442+j  3. 3225) (S+0 . 01718+ j  0 . 076406) (S+20) (S+0 .7171) 


ZERO  Z6H; 

0  39.33(5+0.062295) (S+0. 4807) _ 

/Xc  “  (S+S.0905+) 1.7179) (S+0. 01707+) 0.07619) (S+20) (S+0. 6452) 


5  Z4H: 

0  37.57 (S+0. 064 I 8) (S+0. 4334) 

/Xe  (S+S.O^S+jlTTlToHS+0 . 01707+ j  0.07619)  (S+20)  (S+0. 6452) 

10  Mv: 


3  -  38. 98  ($+0.07199)  (S+0, 46?$)  ______ 

/Xc  (S+S.0968+1 . 7192) (S+0. 01809+ j  0 . 2 361 ) lS+20)TS+0 . 6307) 

*10  My:  Unstable  phugoid 

O  _  38,98(3+0.05145) (S+0. 4/40) 

/Xc  “  (3+870828$) 1 . 7162) (S+O “24iS)(S'0. 2iVv) (S+20) (S+0 . 6684 ) 
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5  M«: 


0  ^ _ 38.98  (S+Q. 06206)  (S+0, 5196) _ 

/Xc  (S+5.810+j2.4988) (S+0. 04339+ j 0.07226) (S+20)  (S+0. 3995). 

-5  M«: 

0  _  38. 98  (S+0. 06370) (S+0. 4105) 

/'Xc  (S+l .  470+ j  1 . 090)  (S- 0 . 01337* j  0 .07348)  (S+20)  (S+6 . 0782 ) 

-10  M«: 

0  = _ 38.98  (S+0, 06103) (S+0. 4858) _ 

/Xr  (S+5.1225+j  1.7422)  (S+0. 07364)  (S-0.0191S)  (S+20)  (S+0. 5609) 

M*  =  -4.0  :  Unstable  phugoid 

0  „  38. 98(S+O.1308+j0. 09545) 

/Xc  (S+3. 0339+j 1 . 2398) (S-0.01165+j  0. 2336) (S+20) (S+4 . 08044) 

ZERO  Mq: 

0  _  _  38. 98  (S+0. 06266) (S+0. 4705) _ 

/Xc  (S^  *04+ j 0.2736) (S+0. 01471+ j 0.08387) (S+20)  (S+0. 6902) 

10  Mq: 

0  =  _ 38. 98 (S+0. 06266)  (S+0. 4705) _ _ _ 

/Xc  (S+7 ,9676+j 4 . 3643) (S+0 . 02477+j  0 . 04363) (S+20) (S+0 . 5465) 

ZERO  M,se:  unSp  is  too  small 

G  _  _ .  16. 02  (S+0. 06355)  (S+0. 5229) _ 

/Xc  ~  (S+0 . 2818) (S+l . 1363) (S+0. 01274+j 0 . 1936) (S+20) (S+9 .4169) 

5  M6e: 

0  „  130. 80 (S+0. 06219) (S+0. 4475) 

/Xc  °  (S+5. 0662+ j 9. 4888) (S+0 . 0I053+j 0 . 03573) (S+20) (S+0. 7071) 

ZERO  : 

9  _  22. 13  (S+0. 06377) (S+0. 4530) 

/Xc  (S+5 . 0905+ j 1 . 7179) (S+0 . 01707+ j  0. 07619) (S+20) (S+0 . 6452) 
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/Xc  (S+5. 0905+ j 1 . 7179) (S+0 . 01707+ j  0 . 07619) (S+20J (S+0 . 6452) 
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3  DOF  AUGMENTED  AIRCRAFT  LONGITUDINAL 
TRANSFER  FUNCTIONS  (REVISED  AUGMENTATION) 


-5  Xv: 

0 

/Xc  ~ 
-5  X«: 

0 

/Xc 

-10  Mv: 

0 

/Xc  = 
-5  M^: 

© 

/Xc 

-10  M«: 
0 

/Xc 

M«  =  -4 

0  = 
/Xc  = 

ZERO  M6| 

0 

/Xc 


K«  *  10,0,  K0  =  12.6,  Kq  ■  15.0 

_ 38.98(S-0.1367) (S+0. 4746) _ 

(S+l.  0693+j 0. 7863) (S+0. 01688+j 0. 08283) (S+9 . 0966)  (S+20) 

K0  =  3.0,  Kq  =  40.0 

38. 98 (S-0. 08428) (S+0. 6033) 

(S+S . 4685+ j 1 . 3227) (S+0. 0009853+j 0.02949) (S+20) (S+0. 5116) 
K«  *  50.0,  Kq  =  150.0 

38. 98  (S+0. 07289) (S+0. 4019) 

(S+5. 3074+j  8 . 0011) (S+0. 003225+ j  0.1648) (S+20) (S+0 . 8444) 

Kq  =  100,  Knz  =  0.0 

38.98  (S+0. 06348) (S+0. 4118) 

(S+4 . 4870+j 5 . 8303) (S+0 . 01164+ j  0 . 0580) (S+20) (S+0 . 5995) 

K«  =  4.0,  Kq  =  40.0 

_ 38. 98(S+0. 06162) (S+0. 4865) 

(S+5. 4802+j 1 . 3623) (S+0 . 03196+j  0 . 09327) (S+20) (S+0 . 4414) 

.0  :  K©  =  5.0 


38. 98(S+0.1314±j0. 09455) 

(S+0. 7118+ j 2 . 0066) (S+0. 005883+ j  0. 2520) (S+10) (S+20 ) 


:  Equivalent  augmentation  through  horizontal  stabilizer 
38. 98(S+0. 06424) (S+0. 4422) 

(S+5. 0926+jl. 7170) (S+0. 01749+j0. 0760) (S+0. 6463)  (S+20) 
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APPENDIX  IV 

ANALYSIS  FOR  INCREASING  YAW  AND  ROLL  CONTROL  EFFECTIVENESS 
WITH  CONTROL  BLENDING  TECHNIQUES 

The  data  contained  in  this  report  indicate  that  there  are  several 
situations  where  yaw  or  roll  control  power  capability  is  insufficient  to 
meet  Level  1  requirements  on  or  tjQ  as  per  Reference  1.  In  an  effort 
to  increase  control  power,  a  preliminary  analysis  of  control  blending 
techniques  was  conducted  for  each  of  these  situations. 

BASELINE  AIRCRAFT 


The  most  significant  lack  of  sufficient  control  power  is  the  yaw  con¬ 
trol  effectiveness  for- the  baseline  case.  As  data  from  Section  III  indi¬ 
cate,  the  most  straight  forward  method  of  satisfying  this  requirement  is 
to  increase  N$r  by  30  percent.  However,  it  is  possible  to  achieve  an 
increase  in  yaw  control  power  through  control  blending  techniques. 

The  technique  used  in  increasing  yaw  control  power  was  to  use  a 
mechanical  interconnect  from  the  yaw  controller  (pedal)  to  the  roll 
control  surfaces.  Figure  IV-1  shows  the  primary  yaw  and  roll  flight  control 
systems  for  this  mechanization.  Figure  IV-2  shows  the  effect  on  tf't  by 
varying  the  magnitude  and  direction  of  the  ailerons  as  commanded  by  this 
system.  Results  indicate  that  negative  aileron  deflections  are  required 
to  increase  yaw  control  in  a  negative  (nose  left)  heading  command. 

For  this  open  loop  system  a  60-percent  negative  aileron  command  is  re¬ 
quired  to  meet  Level  1  requirements  on  with  no  surface  rate  limiting. 

In  analyzing  the  baseline  augmentation  system  with  control  blending, 
the  mechanization  shown  in  Figure  IV-3  was  used.  In  this  mechaniza¬ 
tion  pedal  position  is  electrically  fed  through  a  one-second  washout 
into  roll  augmentation.  While  the  use  of  a  washout  in  this  case  would 
in  general  produce  adverse  steady  state  handling  qualities  and  would 
probably  not  be  included  in  the  final  configuration,  its  use  here  was 
intended  to  simplify  the  preliminary  analysis.  The  washout  circuit  was 
added  to  avoid  the  need  to  trim  roll  for  steady  state  pedal  or  yaw  trim 
inputs  and  avoid  redefinition  of  augmentation  dynamic  loop  gains.  Using 
this  yaw  control  system  with  the  baseline  augmentation  operating,  Figure 
IV-4  shows  the  increased  heading  change  capability  of  the  aircraft  with 
50  percent  and  100  percent  rudder  coupling  as  compared  to  no  rudder 
coupling.  Figure  IV- 5  shows  the  bank  angles  generated  for  each  of  the 
rudder  coupling  gains.  As  this  figure  indicates,  larger  than  normal 
bank  angles  can  be  generated  by  this  method  which  require  more  roll 
trim  than  for  the  uncoupled  case.  Figures  IV-6  and  IV-7  show  the  result¬ 
ing  aileron  and  rudder  deflections. 

In  the  above  analysis  it  is  to  be  noted  that  surface  rate  limitations 
were  eliminated.  With  no  surface  rate  limitation  the  baseline  augmented 
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Control  and  Augmentation  System  with  Pedal  Coupling 


Figure  IV- 4.  Effect  of  Varying  on  Heading  Angle  with  Pedal  Step  Input 

Baseline  Augmentation  On 
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Figure  IV-6.  Effect  of  Varying  on  Aileron  Deflection  with  Pedal  Step  Input 

Baseline  Augmentation  On 
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Figure  IV-7.  Effect  of  Varying  on  Rudder  Deflection  with  Pedal  Step  Input 

Baseline  Augmentation  On 
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aircraft  with  no  aileron  coupling  produced  a  heading  change  of  4.49 
degrees  in  1.0  second.  With  a  rudder  surface  rate  limit  of  50  deg/sec. 

Only  a  3. 2 5 -degree  heading  change  was  produced  in  1.0  second.  If  a 
comparable  degradation  in  heading  change  is  assumed  for  the  open  loop 
mechanical  system,  Figure. IV- 2  indicates  that  more  than  100  percent  ailerons 
would  be  required  to  meet  Level  1  standards. 

5Lp  ANALYSIS 

The  first  attempt  on  augmenting  the  5  times  Lp  case  was  to  redefine 
gains  in  the  augmentation  system  through  the  simultaneous  solution  of 
coefficients  method.  However,  this  technique  only  allowed  the  augmented 
value  for  t30  to  be  approximately  the  same  as  the  unaugmented  value 
which  was  already  unacceptable  by  Level  1  standards.  No  further  improve  - 
ment  through  the  roll  augmentation  system  could  be  achieved  since  the 
wheel  step  was  already  conmanding  full  aileron.  To  improve  the  roll  capa¬ 
bility  of  the  aircraft  with  a  large  roll  dancing  term  it  was  then  decided 
to  introduce  a  wheel  coupling  into  the  yaw  augmentation  system  similar 
to  the  pedal  coupling  into  roll  used  in  the  analysis  to  increase  rudder 
effectiveness  for  the  baseline  case. 

As  the  unaugmented  results  of  Figure  IV-8  indicate,  only  negative 
rudder  deflections  significantly  reduce  t3Q  response  over  that  of  the 
unaugmented  case.  This  effect  is  indicated  by  the  3  DOF  rolling  moment 
equation 

,  -  ♦  +  + 

P  3  Lp  .  P  +  Lr  .  r  *  Lfi  +  Lga  .  8a  +  L$r  -  8r  (AIV-1) 


where  the  sign  associated  with  each  coefficient  is  shown  above  its  respec¬ 
tive  coefficient.  Since  a  positive  rudder  induces  negative  yaw  rate  (r) 
and  positive  sideslip  (0),  equation  (AIV-1)  shows  that  although  rudder 
increases  p  through  the  Lgr  term,  the  adverse  yaw  rate  and  sideslip 
induced  tend  to  reduce  p.  For  the  coefficient  values  studied,  p  can 
only  be  increased  by  a  negative  rudder  deflection.  It  is  important  to 
note  that  for  some  other  rolling  moment  coefficient  values  this  mechaniza¬ 
tion  could  be  reversed  requiring  a  positive  rudder  to  increase  p  depend¬ 
ing  on  the  relative  ^magnitudes  of  Lj*  •  r,  .  /J  ,  and  lq>r  .  fir. 

For  the  five  times  Lp  case  the  mechanisation  as  shown  in  Figure  20 
of  Section  III  was  used.  Ihis  system  commands  full  negative  rudder 
when  a  full  wheel  input  is  applied.  Although  this  method  is  incapable 
of  meeting  tjy  Level  1  standards  for  this  large  value  of  Lp,  considerable 
improvement  over  the  unaugraented  aircraft  is  realizable.  Various  values 
of  Lp  were  then  investigated  with  this  mechanization  to  define  a  maximum 
Lp  at  which  Level  1  requirements  can  be  met  with  augmentation  on, a  maxi¬ 
mum  value  of  4.5  times  Lp  was  thus  determined. 
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0,2  L*a  ANALYSIS 

For  small  values  of  Lga,  the  roll  effectiveness  of  the  ailerons  is 
reduced  to  such  a  point  that  they  cannot  produce  sufficient  rolling 
moment  to  meet  Level  1  t3o  requirements.  As  Figure  IV-9  indicates  a 
negative  rudder  deflection  can  significantly  reduce  tjo  for  the  0.2 
times  Lga  case,  however,  this  low  value  of  Lga  cannot  meet  Level  1  t30 
requirements.  It  is  important  to  note  here  that  both  Figures  IV-8  and 
IV-9  represent  the  unaugmented  response  of  the  aircraft  with  a  mechanical 
wheel  coupling  system. 

Figure  IV-10  shows  the  roll  and  yaw  control  and  augmentation  systems 
used  for  the  augmented  Lga  analysis.  To  maintain  ailerons  at  full 
deflection  a  simulated  coiimand  augmentation  loop  was  used  to  override 
the  roll  augmentation  feedback  during  wheel  inputs.  This  system  was 
then  used  to  define  a  minimum  Lga  with  which  Level  1  t3o  requirements 
can  be  met  for  the  augmented  aircraft.  With  this  technique  of  increasing 
roll  control  power  a  minimum  acceptable  value  of  0.4  times  hgawas 
determined. 
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APPENDIX  V  .  | 

ANALYSIS  OF  AIRCRAFT  CAPABILITY  TO  TRIM 

Using  the  pitching  moment  and  normal  force  equations  from  the  6  DOF 
digital  simulation  program,  an  equation  can  be  derived  which  will  define 
approximate  limits  on  Za,  Z&h>  M,  and  with  which  the  aircraft  can  be 
trimmed  with  horizontal  stabilizers  alone.  Using  the  notation  of  the  6 
DOF  digital  program  with  coefficients  defined  in  Table  V-I,  the  normal 
force  and  pitching  moment  equation  at  trim  reduce  to: 


W  cos  ©t 

TP«. 

O  s 


N3.0T  +  (WIAT^t  +  CM2.‘DVAT,)6uy 
Mot  +  (KA A*T)  <*t  +  (MT>HT)  S«T 


(AV-1) 


(AV-2) 


If  it  is  assumed  that  cos  0T  ^  1.0  then  the  two  equations  can  be  solved 
simultaneously  for  <^Hr  and^f  - 


-  MOT  ( Mi. AT)  -  MATC^i  MCoT) 
-MAT  (MiX>HT) 


(AV-3) 


MtoHT(-^~  MiOT)-*-  KAOT(N^TMT) 

WT)  -  M  AT  (.Mi.’oTvfl 


(AV-4) 


Substituting  in  the  coefficient  values  for  the  baseline  trim  case  a 
<5Ht  of  "4.72  degrees  md  a°?‘f  of  6.07  degrees  are  obtained  as  compared 
to  trim  values  of  -4.78  degrees  and  5.03  degrees  obtained  from  the  6  DOF 
digital  program  with  a  0?  of  14,45  degrees. 

Table  V- I I  summarizes  the  results  of  varying  NZAT,  NZDHT,  MAT,  and 
MDHT  in  Equation  AV-3,-  Figures  V-l  through  V-3  show  the  graphical  results 
of  this  analysis. 

Figures  V-l  shows  that  the  maximum  stable  M*  which  can  be  trimmed 
with  full  horizontal  stabilizer  deflection  is.  -1.8.  Figure  V-3  shows 
that  values  of  Z*<  less  than  -0.5  require  rapidly  increasing  values  of 
5HT  up  to  a  «a*i«sum  of  30.8  degrees  tor  z*  »  0.  In  order  to  trim  this 
case  additional  trim  tinrough  the- elevator  would  be  required.  Such 
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TABLE  V-I 


DEFINITION  OF  COEFFICIENT  NOTATION  AS  USED  IN  THE  6  DOF  DIGITAL  PROGRAM 


NZ0T  3 

ntqt1 

-  TPeJa=o 

M0T  » 

mT0T~| 

-TPe  EJa=0 

Ma  =  ^MAT 

Tpe 

lot  3  -  ~  NZAT 

NZAT  * 

^TQTgl 

.  Tpe  J 

MAT  = 

'mT0T«1 
.Tpe  c  J 

Mg  =  ^MDHT 

n  |y 

iSli  =  -  T-f~~  NZDHT 

NZDHT  = 

feal 

MDHT  = 

'mT0T6H1 
i-TpeC  J 

NZDET  = 

ted 

MDET  = 

fm  TOTgej 

lTpe  J 

LTpe 2  J 

TABLE  V-I I 


SUMMARY  OF  ZgH,  M8h»  let  ,  AND  M«  VARIATION  ON  AIRCRAFT 
CAPABILITY  TO  TRIM  WITH  HORIZONTAL  STABILIZER  ALONE 


NZDHT 

or 

NZAT 

ZgR  ^Ht 
(Deg.) 

la 

SHT 

(Deg.) 

MDHT 

or 

MAT 

Man 

§ht 

(Deg.) 

M* 

8 1 1[- 
(Deg.) 

0 

0  -4.8 

0 

30.8 

10.0 

1.7 

2 . 5 

1.0 

-4.8  -4.7 

-4.83 

-1.6 

5.0 

0.85 

-0.8 

3.0 

-14.5  -4.7 

0.0 

0 

-510. 

0 

-5.1 

5.0 

-24.1  -4.65 

-24.1 

-4.3 

-1..0 

-0.17 

-2S.2 

10.0 

-48.3 

-4.7 

-5.0 

-0.85 

-6.0 

-0,85 

-10.6 

20.0 

-96.5 

-4.9 

-10.0 

-1.7 

■3.0 

-1.7 

-18.2 

25.0 

-120.7 

-4.9 

-20.0 

-3.4 

-1.5 

•3.4 

-4b. 4 

TABLE  V-III 

SUNMARY  OF  M«  AND  MgH  VARIATION  ON  AIRCRAFT  CAPABILITY 
TO  TRIM  Will!  FULL  HORIZONTAL  STABILIZER  AND  VARYING  AMOUNTS  OF  ELFVAI'OR 


-11.7J 

-17,595 

-23.46 


-2.0 

-3.0 

-4.0 


additional  trim  would  amount  to  approximately  9  degrees  of  elevator  since 
this  is  roughly  10  peccant  more  effective  than  the  horizontal  stabilizer. 
The  effect  or  reducing  Min  is  presented  in  Figure  V-2,  and  shows  that  for 
the  baseline  flight  condition  the  mininun  M$h  which  will  provide 
acceptable  trim  is  0.25  times  the  baseline  value. 

If  coefficient  variations  become  excessively  large  to  warrant  some 
additional  trim  capability  from  the  elevators  these  trims  can  be-  added 
to  the  pitching  moment  and  normal  force  equations. 

W  co& ±L  s  Mi.oT  (AV-5) 

Tpe 

O  -  MOT  ♦  <MATrt«T  +  (AV-6) 


If  it  is  assumed  6%  is  equal  to  full  surface  deflection  then  MDHT  and 
MAT  can  be  varied  to  determine  limits  on  these .coefficients  with  addi¬ 
tional  elevator  trim.  Solving  for  Sty  and  a  t  the  following  equations 
are  obtained: 

*T  Ni.*T  (  ►A'OET)  -  MATT  <*4 V>fcT) 

OfT  MWT(^-M*flT-l0»MT6»lTV»*l.h«TCMorr4Mh«T6»*t)  ({$[.%) 
~  Nf.AT(KAP6T)  -  M^T(S49L\>eT') 


Table  V-III  summarizes  tire  results  of  varying  M$H  and  MAT  in  equa¬ 
tion  AV-7,  Figure  V-4  shows  the  results  for  M*  graphically,  These 
data  show  that  using  50  percent  of  available  elevator  control  power  would 
permit  trimming  the  baseline  aircraft  with  an  M*  «  -2.8. 


uation  of  Ma  Vi 
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